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1. Introduction 
 
 1-1 general introduction 
    Rare-earth elements refer to the lanthanides (Ln) series from lanthanum (atomic          
number = 57) to lutetium (atomic number = 71), plus Scandium (atomic number = 21) and 
Yttrium (atomic number = 39) with similar chemical and physical properties [1].                  
The electronic configurations of lanthanide elements are [Xe] 6s2 4fn. The most stable 
oxidation state for lanthanide elements is trivalent, except for Ce4+ and Eu2+. Ce3+ prefers to 
lose its single f-electron to form Ce4+ with stable electronic configuration of Xenon.            
Also Eu3+can gain an electron to form Eu2+ with stable half-filled f-shell. The uniqueness       
and importance of lanthanides comes from having a 4f orbital ground state electronic 
configuration. Some of the characterization of 4f-electrons is that, the 4f-shell is highly 
localized. It lies beneath the 5s and 5p shells. When the Ln3+ ions are put into a host material, 
the 4f-electron shell is well shielded from the crystal field. Therefore, the perturbation of 
crystal field is rather weak compared to the spin-orbital interaction effect.  The spin-orbital 
interaction has the largest contribution to the energy splitting [2]. The ground state of 4f-levels 
can be characterized by Hund’s rule (2S+1LJ), where S is the total spin, L the total orbital 
angular momentum, and J total angular momentum. Also, as there are seven 4f sub-orbital’s, 
the number of unpaired electrons can be up to 7 which gives rise to strong magnetic properties 
observed in lanthanide compounds. Another characteristic of f-electrons, f-electrons are 
usually localized at the atomic sites, resulting in narrow f-bands. These f-bands tend to 
hybridize with d and s bands.  When the hybridization between the f states and conduction 
states is not so strong. The charge fluctuations are weak and the valence or number of f-
electrons can be nearly integer. In this case we speak about Kondo lattice systems [3], which 
are most often compounds of Ce, and Yb. In Kondo lattice systems, there exists a strong 
competition between the conduction electrons screen the magnetic moment of the ion resulting 
in non-magnetic ground state and the inter-ionic interactions (RKKY-like, Ruderman-Kittel-
Kasuya-Yoshida) tends to order the moments [4]. Another, interesting and well studied case is 
the heavy-fermions system. It was commonly believed that the kondo effect is the source of 
heavy-fermion behavior. In heavy-fermions system f-electron strongly interact with 
conduction electron showing itinerant-localized character of electron. At high temperatures the 
system has Cuire-Weiss law magnetic susceptibility. At low temperatures the system gains 
energy by losing the magnetic moments associated with f-electrons. Finally f-electron 
becomes a part of the Fermi-surface showing temperature dependent Pauli-spin susceptibility 
with effective mass larger than the bare- electron mass by three orders [5].  
 
The rare earth elements are not only important from a standpoint of basic research, but also 
have economic importance. Rare earth elements and their alloys are widely used in electronic 
products that have been familiar in recent years. Important examples are [1, 6]; Lanthanum 
used to make rechargeable Lanthanum nickel-metal hydride batteries. These batteries are used 
to power up electric and hybrid vehicles, laptop computers, and digital cameras. Alloys 
containing Praseodymium (Pr), Samarium (Sm), Dysprosium (Dy) and Neodymium (Nd)) 
used in high strength permanent magnet [7]. Neodymium is used in the manufacture of the 
strongest magnets known in the world. Another example rare-earth nitride shows properties of 
being ferromagnetic semiconductor. Gadolinium nitride (GdN) is generally accepted to be 
ferromagnetic below 70K [8].  Furthermore Europium (Eu) and Terbium (Tb) are used in 
energy-efficient fluorescent lamps. Another important feature of rare earth is 4f-spectral 
properties. Lanthanides in their trivalent state exhibit sharp atomic-like spectra at different 
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wavelengths in the electromagnetic wave. Figures   1-1 (a), and (b) show energy levels of the 
trivalent rare-earth ions and the most important radiative transitions from data in reference [9].  
 
 
 
 
 
 
FIG.1-1 Shows energy levels of the trivalent rare-earth ions and the most important radiative 
transitions [9]. 
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 An important application of rare-earth elements is in the field of optics, Erbium (Er) alone or 
together with Ytterbium (Yb) is used as an amplifier in fiber optics. More recently, much 
scientific research has been done on trivalent erbium ions. The Er3+ ion has an intra 4f shell 
transition from its first excited state (4I13/2) to its ground state (4I15/2) corresponds to 
wavelength at 1.5µm. The Er3+ emission around 1.5µm matches the low-loss window in the 
absorption spectrum of silica fiber. This matching has been the driving force behind much 
recent work on Er-doped materials. 
    Optical fibers have revolutionized the communication field after being developed in 1970. 
Advantages of optical fiber are high capacity, high-speed data transmission and a high degree 
of security. These advantages are not present in traditional copper cable. As a light signal 
propagates along the optical fiber it becomes attenuated in the direction of propagation. The 
attenuation coefficient is defined as the fractional decrease in the optical power per unit 
distance [10]. Several factors contribute to this loss. These factors may be extrinsic factors 
(such as fiber bending) or intrinsic factors (such as energy absorption by the lattice vibration of 
the basic ions of optical fiber material).  Low attenuation is an essential requirement for long 
distance optical transmission. Silica-based optic fiber has become the preferred means for 
transmission. Since silica-based optic fiber attenuation can be reduced to the theoretical 
intrinsic expected loss. Theoretical intrinsic losses are about 3 dB/km at wavelength 0.8µm, 
0.6 dB/km at 1.3µm and 0.2 dB/km at 1.55µm [11]. The typical optical transmission 
wavelength over long distance is 1.55µm spectral region, Because of low attenuation at this 
spectral region.  Thus, LEDs of Er-doped materials that emit light around 1.5 µm have been in 
intense demand for transmission of optical signals through optical fiber. 
   Doping Er-ions in semiconductors host, which have band gap energy greater than the inter-
shell transition energy of Er-4f shell, have become practically important. The trivalent erbium 
ion Er3+ (4f11) emits photoluminescence (PL) at 1.5µm under photo excitation of the host 
semiconductor. In which, under photo excitation of the host semiconductor the excited 
electron will transfer the excess energy to the Er 4f-shell resulting in intra 4f shell excitation. 
The excited 4f-shell relaxes from its first excited state (4I13/2) to its ground state (4I15/2) emits 
PL at 1.5µm. The 4f shells are slightly affected by crystal fields. The 4f- wavelength emission 
is independent of the host semiconductor and temperature. However, it has been shown in 
previous research that the emission intensity depends strongly on the semiconductor host band 
gap [12]. 
   Ennen et al. observed the first PL at 1.5µm in Er-doped silicon and III-V semiconductors 
(GaAs) in 1983 [13]. Silicon has been the subject of study for its low-cost. However, the 
indirect band gap of silicon has stopped its wide use. The best well-known example of 
semiconductor doped Er-ions is GaAs due to its structural stability and advanced growth 
techniques available. It has been shown that the Er atoms doped in GaAs with O co-doping by 
organometallic vapor phase epitaxy growth mechanism, exhibit high efficient PL at 1.5µm 
[14]. The Luminescent Er-center has been identified as Er3+ at the Ga subsitutional site with 
two adjacent oxygen atoms of C2v symmetry (denoted as Er-2O center) from polarized 
photoluminescence and fluorescence extended x-ray absorption fine structure (EXAFS) 
measurements [14,15]. But so far photoluminescence excitation measurements have revealed 
that Er3+ ions doped in GaAs have various fine structures, indicating that various Er- centers 
with different atomic configurations are formed in one sample. The host-excited PL spectrum 
is dominated by a particular luminescent Er-2O center [16]. Much of the studies in the last 
decade has been focused on GaAs;Er,O because the most important issue in the GaAs;Er,O 
materials is to maximize the concentration of luminescent Er-center. There is a large 
difference in energy transfer efficiency from excited host to the Er-4f shell for different kinds 
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of Er-2O centers. We do not have a definite model of Er-excitation mechanism.  A further 
study is needed to understand the Er-excitation mechanism and to obtain additional 
information to clarify the luminescent Er-center in GaAs;Er,O. The electron spin resonance 
measurement (ESR) is required to understand this. ESR spectroscopy is a powerful technique 
in understanding the atomic configurations of impurities in semiconductors. In particular when 
various kinds of centers are simultaneously present in one sample.  
  The analysis of ESR spectrum reveals a lot of useful information about the system [17]. The 
value of resonance field is related by simple formula to g-value. The g-value gives detailed 
information about the nature of the paramagnetic center. The integrated intensity of the 
spectrum and its temperature dependence is proportional to the local spin susceptibility. The 
ESR spectrum linewidth is inversely proportional to spin lifetime in the system (important for 
relaxation effect). Moreover, the type of dominant interaction in the system can be obtained 
from the shape of the ESR absorption spectrum or its first derivative.  
    The X-band ESR on GaAs;Er,O samples have widely been studied but most of  the ESR 
studies on GaAs;Er,O have been  limited to samples with one Er-concentration and without 
charge carrier [18,19]. Recently Fujiwara et al. grew an epitaxial layer of different Er-
concentrations GaAs;Er,O samples with charge carrier  by organometallic vapor phase 
epitaxy (OMVP). Fujiwara et al. found weak PL emission from the p-type sample with the 
highest Er-concentrations.  The PL emission remained strong in the n-type sample with low 
Er-concentrations. In this thesis, we will address the ESR measurement results using two 
different group of GaAs;Er,O samples. The first group of three GaAs;Er,O samples  with 
different Er-concentration previously supplied by Fujiwara et al. The second group of three 
GaAs;Er,O samples with different Er-concentration and different charge carriers recently 
grown samples. The results of the two groups will be compared. Finally the experimental 
results presented here with PL measurement by Fujiwara et al. are discussed in terms of a 
possible suggested Er-excitation model. 
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2.  Previous Researches on GaAs:Er,O  
 
2-1 PL measurements of GaAs;Er,O 
   The 4f-photoluminescent of Er3+ ion implanted in GaAs has been studied using 
photoluminescence measurement (PL). H. Ennen et#al.#[13] excited GaAs;Er sample with an 
energy exceeding the GaAs band gap. From luminescence spectra in Fig 2-1, they observed a 
main luminescence spectrum at 1.54µm (806 mev).  The 1.54µm luminescence spectrum 
resulting from transitions from the first excited state 4I13/2 to 4I15/2 ground state of Er3+ (4f11), 
and the apparent fine structure arises from weak interaction of 4f-electrons with their 
crystalline environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-1 Luminescence spectra of Er-implanted GaAs at 20K [13]. 
 
 
    To investigate the effect of oxygen codoping on Er luminescence centers in GaAs sample 
[20,21], PL-measurements have been carried out on two Er-doped GaAs samples grown by 
organometallic vapor phase epitaxy (OMVPE) method. One GaAs;Er sample with oxygen 
codoping. The other GaAs;Er sample grown without oxygen. As observed in Fig 2-2, in Er-
doped GaAs sample, the photoluminescence spectrum is weak.  The Luminescent spectrum 
of GaAs;Er has a broad band and several more lines which are hardly resolved. Conversely, 
in Er,O-codoped GaAs sample, the observed spectrum is much simple, sharp and with high 
peak intensity. Therefore, oxygen has enhanced 4f-photoluminescent of Er3+ PL intensity in 
GaAs;Er,O sample. The PL emission line should originate from Er-center coupled with 
oxygen.  
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FIG. 2-2 Er-related PL spectra of GaAs;Er samples grown with and without oxygen flow at 
4.2K [21]. 
 
   K. Takahei et#al.#[20]#has investigated the atomic structure of Er- luminescent center. K. 
Takahei et# al.# compared PL-spectrum of GaAs;Er,O with  three GaAs;Er,O samples 
implanted with Al. The three AlGaAs;Er,O samples have different Al concentration (1%, 4% 
and 18%). Since O is known to have higher tendency to react with Al than Ga.  Then, the Ga 
sites adjacent to the O atoms have a larger probability of being occupied by Al.  The 
replacement of Ga site adjacent to O with Al atoms changes the Er-O luminescent center. K. 
Takahei et# al.#  were able to clarify Er-luminescent center atomic structure through this 
change. It can be seen from PL measurement in Fig. 2-3   that introduction of just small 
amount of Al (1% ) results in the appearance of additional luminescence lines. This means 
that many kinds of new Er-centers with different atomic configurations are formed.  
   First K. Takahei et#al.#proposed that only one O atom is coupled to each Er atom at the Ga 
sublattice with C3v# symmetry (see Fig. 2-4(a)). They Counted the change of different 
configurations due to replacement of Ga site adjacent to O with Al atoms ( 0, 1, 2 or 3). Such 
change in the atomic configuration may split the single luminescence line into four lines. 
However, in reality the numbers of lines were more than four. In order to explain these 
additional lines, they#considered another model in which two O atoms are coupled to the Er 
atoms with C2v symmetry donated by ErGa-2OAs (see Figs. 2-4 (b)). The number of different 
configuration counted in this model is more than ten. The number of observed additional 
luminescence lines, were at least eight and there was few additional weaker lines. Therefore, 
K. Takahei et# al. identified# the luminescence Er center as, Er3+ at the Ga site with two 
adjacent O atoms located at the nearest neighbor As sites with C2v symmetry.  And this result 
has been confirmed by Extended X-ray absorption fine structure (ESAFS) measurement later 
in this chapter. 
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FIG. 2-3 PL-spectra of AlGaAs;Er,O samples with various Al concentration measured at 2K. 
The wavelength of the main peak is indicated by an arrow in each spectrum [22]. 
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FIG. 2-4 The atomic configurations showing ErGa-(OAs)1 with C3v symmetry (a) and ErGa-
(OAs)2 with C2v symmetry (b), Here the sites of Ga sublattic adjacent to As sites with open 
circles and  the sites of Ga sublattice adjacent to the O atoms with closed circles [22]. 
 
   Another important issue in GaAs:Er,O has been pointed out [16]. Within one GaAs;Er,O 
sample, more than 10 kinds of clearly different Er centers are identified. These centers are 
only excited under direct 4f- shell excitation by resonant photons. But under host-excited, the 
PL spectrum is dominated by one kind of Er center. Indicating that, various kinds of Er-
centers with different atomic configuration are formed in GaAs;Er,O sample.  The energy 
transfer efficiencies from the host electron-hole pair to the Er 4f shell are very small for other 
kinds of Er-centers. Because of this a further study is needed to determine the difference in 
the atomic structure between luminescent and non-luminescent Er centers.  
    
   To investigate the Er concentration dependence of PL spectrum, experiments were carried 
out using PL measurements for GaAs;Er,O  samples grown under the same conditions, but 
with different Er concentrations (H. Ofuchi et#al.#[23]).  The Er-concentrations range from 
2.4x1017 to 3x1020 cm-3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-5 Er-related PL spectra in GaAs;Er,O samples with different Er-concentration 
measured at 4.2K [23]. 
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   Figure 2-5 shows Er-related PL spectrum of four GaAs:Er,O samples. The samples show 
luminescent Er-related PL spectra. Intensities highly depend on the Er-concentration. They 
noted that sample with the lowest Er concentration 2.4x1017 cm-3 shows high resolution 
spectra.  In Fig. 2-6 Er-related PL integrated intensity was plotted as a function of Er 
concentration, where PL intensities were normalized by Er concentration in each sample. In 
the samples of Er-concentration below 1018 cm-3, the PL intensity is independent of Er 
concentration, while in the samples of Er concentration above 1018 cm-3, the PL intensity 
decreases rapidly with the increase of Er concentration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-6 The integrated PL intensity as a function of Er-concentration [23]. 
    
 
   D. Uki et al. [24] studied the optical properties of Er,O codoped GaAs samples with Li 
addition grown by OMVPE. As known by adding Li the sample become P-type sample. Figure 
2-7 shows the PL spectra of GaAs;Er,O:Li samples with different Li concentrations at 77K. It 
is seen that GaAs;Er,O sample without Li  has a sharp and strong PL spectra at 1537.4 nm.  PL 
spectra were unchanged in low Li concentration samples. However, with increasing Li 
concentration the PL intensity around 1540 nm decreases and the spectral shape changes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-7 PL spectra of Er,O codoped GaAs with Li addition at 77K [24]. 
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   These results indicates that in GaAs;Er,O samples with slight Li addition the emission due to 
Er-2O centers is still dominant but the number of luminescent Er-2O centers decreases. 
However, with increasing Li concentration, the PL spectral shape becomes broader. This 
spectrum broadening means that Li introduces many kinds of Li-related luminescent centers.  
 
 
2-2 PL measurement of GaAs:Er,O  under high magnetic field 
   The PL measurement on GaAs;Er,O under a high magnetic field (up to 60T) was set up to 
study the electronic state of Er3+ and  to obtain  more information of the local configuration of 
Er-2O site. H.Ohta et al. measured the magnetic field dependence of PL spectra of GaAs;Er,O 
at 4.2K [25]. The external magnetic field was applied along the [110] direction of the host 
GaAs in Voigt geometry. Figure 2-8 shows three PL spectra labeled as A, B and C.  The wave 
number of PL A increases with increasing magnetic field and was assigned to the transition 
from the 4I13/2 to the lowest state in 4I15/2. Conversely, the observed weak PL spectra B and C 
showed small magnetic field dependence.  The effective g-factor of A-mode is estimated to be 
1.54 ± 0.04. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-8 The magnetic field dependence of PL spectra at 4.2K [25]. 
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    H.Katsuno et al. estimated the energy splitting of states 4I15/2 and 4I13/2 using the crystal field 
theory [26].  They theoretically calculated energy differences between the lowest state of 
J=13/2 and the lowest three states of J=15/2. Then H.Katsuno et al. compared the magnetic 
field dependence of experimentally obtained PL peaks A, B and C in Fig.2-8, with the 
magnetic field dependence of the three theoretically estimated possible transitions from the 
lowest state of 4I13/2 to three states from the ground state   (labeled as t1, t2 and t3) for C2v 
model. As clearly shown in Fig 2-9 (b) the magnetic field dependences of the transition t1, t2 , 
and t3 coincide with  the magnetic dependence of PL peaks obtained experimentally. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.  2-9 (a) The magnetic field dependence of PL peaks A, B and C. (b) The magnetic field 
dependence of t1, t2 and t3., estimated possible transitions from the lowest state of 4I13/2 to three 
states from the ground state of C2v model [26]. 
    
    
 
   Calculated results of H. Katsuno et al. suggested that the local configuration around Er3+ ion 
is Er-2O center structure. Since the radius of Er ion is larger than that of Ga ion, then the 
position of O and As ions changes from original As site, as shown in Fig 2-10. This is in a 
good agreement with the obtained model in EXAFS measurement which will be mentioned in 
section 2-3. 
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FIG. 2-10 Displacement of anions around luminescent Er-ion in C2v local structure Er-2O, (a) 
along [
€ 
110], and (b) along [110], the open circles represent the corresponding original  
As sites [26]. 
 
2-3 EXAFS measurement of GaAs:Er,O  
   The main features of Extended X-ray absorption fine structure (ESAFS) measurements are 
explained in Ref [27]. The EXAFS measurement is a reliable source of information about the 
atomic structure, not only position, but also the type and number of the nearest neighbors of 
the excited atom. 
   M. Tabuchi et al. [15] carried out the EXAFS measurements on GaAs;Er,O sample, to 
clarify the local structure around  luminescent Er-atoms. The GaAs;Er,O sample was grown 
using MOCVD with Er concentration 4.0x1018 cm-3.  As the analysis of EXAFS data is 
complicated, I will explain the results of local structure around Er-atom simply. The EXAFS 
measured spectra for GaAs;Er,O is shown in Fig. 2-11. M. Tabuchi et al. assumed several 
models of local structure around Er-atom (see fig. 2-12). In the a-model the Er-atoms form a 
Er2O3 structure. In the b-model the Er-atoms are on Ga site with two O atoms and two As 
atoms on the nearest site (Er-2O structure).  In  the c-model the Er-atoms form a rock salt 
structure. In the d-model  the Er atoms are on Ga site with no near oxygen atoms.  M. Tabuchi 
et al. compared theoretically calculated spectra for these models (see Fig. 2-12) with the 
experimental EXAFS measured spectra for GaAs;Er,O sample in Fig. 2-11. From this 
comparison it was obvious that the position and shapes of the b-spectra model and the 
observed spectra for GaAs;Er,O was similar. This shows that Er atoms substituted Ga 
sublattice with two oxygen atoms together with two As atoms as neighboring atoms (referred 
to as Er-2O structure) 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-11 observed EXAFS spectra from GaAs;Er,O sample [15]. 
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FIG. 2-12 Schematically drawn atom locations around Er-atom,  and the theoretically 
calculated EXAFS spectra [15]. 
    
   The Fourier transformed EXAFS spectrum and the theoretically calculated spectrum by M. 
Tabuchi et al. (as shown in Figs 2-13(a) and 2-13 (b) respectively).  The two nearest neighbor 
peaks were observed in the data at about 2.3Å and 1.7Å corresponding to As and O ions, 
respectively. This result is close to the calculated values for the b-model structure, where two 
As atoms and two O atoms in the Er-2O structure are located tetrahedrally, has  a Er-As bond 
length  2.72Å and  an Er-O bond length  2.14Å.  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-13(a) Fourier transform of observed EXAFS spectrum [15]. 
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FIG. 2-13(b) Fourier transform of theoretically calculated EXAFS spectra [15]. 
 
 
2-4 Pump and probe measurements of GaAs:Er,O 
   The mechanism of excitation and relaxation of Er-ions have been investigated by pump and 
probe reflection and transmission measurements. In the pump and probe spectroscopy 
technique, the pulse train coming out of Ti:sapphire laser source is split into two pulses. The 
first one is used as a pump beam by which the sample is excited. The second one is used as a 
probe pulse. There is a time delay between the pump pulse and the probe pulse. The transient 
reflectivity and transmittance was monitored as a function of the relative time delay. The 
Ti:sapphire laser produces 100 fs pulse  and can make the time resolution measurements up to 
femto-second scale.  This enables us to observe the quite fast dynamic process. 
   Pump and probe measurements for GaAs;Er,O sample was carried out by K. Nakamura et al. 
[28] at room temperature and at 12K. The GaAs;Er,O sample was grown by MOCVD with Er 
concentration 8.7x1018 cm-3. Figure 2-14 shows that the time-resolved reflectivity exhibited an 
abrupt increase in amplitude followed by a steep decrease to negative in less than 1ps assigned 
to a quick capture process, followed by the gradually recovery to zero. In this recovery process 
there are two recovery components. A fast recovery followed by a slow recovery. In 
Nakamura et al. discussion, first, the lifetime of conduction band to valence band is over 100 
ps. This process is slower than his observations. Second, they considered that there is a 
capturing process due to a trap level. Capture time of electron by the trap was calculated to be 
23 ps at 12K. This can explain the experimental result of Tfast =22 ps at 12K.  This indicates 
that  the Tfast corresponds to electron capture by a trap formed by Er,O codoping (fast trapping 
process). This was a direct observation of trapping of photo-excited electron. Thirdly, energy 
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transfer process to Er3+ intra4f-shell is calculated to be 54 ps, which may be comparable to 
Tslow= 38 ps. Tslow is not clear but it might be energy transfer process from GaAs host to Er3+ 
via a trap level. K. Nakamura et al. explained also the results through a simple energy transfer 
model shown in Fig. 2-14 (b).   In this model the co-doping of Er and O produce a trap level in 
the bandgap of GaAs. The trap level was assumed to be an acceptor like electron trap level, 
there is a capturing process by electron-trap level. The negatively charged trap forms an 
electron-hole pair. The recombination energy of the electron-hole pair results in Er3+ intra-4f 
shell excitation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-14 (a) Time-resolved reflectivity of GaAs;Er,O at room temperature and 12K. (b) 
Proposed energy-transfer model for Er,O codoped GaAs [28]. 
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   In order to obtain further information Y. Fujiwara et al. [29] investigated the dynamics of 
photoexcited carrier in GaAs;Er,O samples with Er concentration 1018-1019 cm-3. They 
revealed that the electron-hole pair formation time was shorter in the sample with higher Er 
concentration.  They also observed the ultrafast trapping process. Y. Fujiwara et al.  presented 
an excitation model shown in Fig. 2-15. In this model they assumed that the trap level is a 
hole-trap level. As can be seen from different proposals in Fig. 2-14(b) and Fig. 2-15, the 
nature of the trap level is not clearly determined whether; the Er-2O trap level is an electron-
like trap below the conduction band of GaAs or a hole-like trap above the valence band of 
GaAs host. However, my research shows a possible explanation for this. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-15 Schematic model of energy-transfer for Er,O codoped GaAs [29]. 
 
 
2-5 ESR measurements of GaAs:Er,O 
    ESR measurements on GaAs:Er,O grown by organometallic vapor phase epitaxy (MOCVD) 
have been reported [18,19]. Three anisotropic ESR signals labeled as A, B, and C has been 
known to be originated from three kinds of Er-2O centers.   
 
   T.Ishiyama et al. [18] observed these three ESR resonance lines (A, B, and C) in GaAs;Er 
sample with oxygen codoping (the spectrum (a) in Fig. 2-16). However, these resonance lines 
were not observed in GaAs;Er sample without oxygen codoping (the  spectrum (b) in Fig. 2-
16).  Therefore, oxygen atoms neighbor these Er3+(4f11) centers.  
The possible structure for these Er-2O centers and the relation between these ESR centers and 
luminescent center were discussed by ESR angular dependence and temperature dependence 
measurements.  
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FIG. 2-16 ESR lines originated from three kinds of Er-centers A, B and C at 4.2K. 
 Applied  magnetic field is parallel to (110) direction. Both samples have Er concentration 
2.5x1017cm-3[18]. 
!
!
!
!2%5%1(Angular(dependence(of(ESR(measurements( 
   The experimental results of the angular dependence showed that, the resonance field of 
ESR lines A, B and C centers are depending on the angle between the crystal direction and 
the applied magnetic field direction. Figure 2-17 shows the ESR spectra at 8K for various 
magnetic field directions from θ=−10o to 190ο in 10ο steps. Where, θ is the angle in degrees 
between the magnetic field and the [001] direction in the (-110) plane. This experimental 
configuration is illustrated in Fig. 2-19 (a). The estimated principal g- values of A, B and C 
centers are 3.00, 1.25, and 1.12, respectively (see Fig. 2-18). The anisotropic g tensors were 
obtained by analyzing the angular dependence of the ESR lines. The symmetry of B and C 
centers was suggested to be orthorhombic C2v#symmetry, but A center has a symmetry lower 
than the C2v#symmetry. 
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FIG. 2-17  Angular dependent  ESR spectra of GaAs;Er,O at 8K [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-18 Angular dependence of g-value, for A (solid triangle), B (open circle) and C (solid 
circle) [19]. 
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   Later, it was found that it is not sufficient to determine the local symmetry by only rotating 
around one axis. Therefore M. Yoshida et#al.#employed another experimental configuration, 
which is illustrated in Figs. 2-19 (b). Where,  φ is the angle in degree between the magnetic 
field and the [100] direction in the (001) plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.  2-19  Two experimental configuration used in M. Yoshida et#al.##study.((a)#θ#corresponds(to(the(angle#in degrees between the magnetic field and the [001] direction in 
the (-110) plane.#(b)# φ corresponds  to  the angle in degree between the magnetic field and 
[100] direction in the (001) plane [19]. 
# 
 
   M. Yoshida et al. found two ESR signals B' and C' related to B and C signals. B' and C' 
centers have a principal g1-axis along a [-110] direction with a large g1-value about 16.5. This 
angular dependence results indicate that the difference between A, B and C  is due to various 
tilting of g1-principale axis from the [-110] direction. Since a small tilting of g1-axis would 
cause a large contribution to the g-value in (-110) plane due to its large value. M. Yoshida et 
al. suggested a possible explanation of the different deviation of g1- axis from the [-110] 
direction is that either of the oxygen atoms of Er-2O center has another Er-atom at the nearest 
neighbor site differently as shown in the schematic drawing in Fig 2-20.  
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FIG. 2-20  Three schematic drawing of possible atomic configuration for Er-related centers. 
!
!2%5%2(Temperature(dependence(of(ESR(spectra( 
   Figure 2-21 shows the temperature dependence of the ESR B and C spectra for GaAs:Er,O 
(CEr= 6.3x1018 cm-3) over temperature range of 4.2K-13K. The resonance fields are 
independent on temperature. At temperature above 8K the intensities of the B and C signals 
decrease with temperature showing maxima at 8K and become weaker below this 
temperature.   
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FIG. 2-21 Temperature dependence of ESR spectra of B and C signals of GaAs;Er,O. The 
magnetic field was applied along [110] direction [19]. 
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(b) 
FIG. 2-22 (a) Temperature dependence of integrated intensity, (b) Temperature dependence 
of linewidth of B and C  which are indicated by open and closed circle, respectively [19]. 
!
!
     
   Figure 2-22 (a) shows the temperature dependence of ESR integrated intensity (which 
reflects the magnetic susceptibility).  M. Yoshida et al. observed that the integrated 
intensities show the maxima at 8K and decrease with decreasing temperature from 8K to 4.5 
K. These behaviors indicate that the paramagnetic state of the Er centers in GaAs change to 
other state at below 8K. If the integrated intensity of ESR signal originated from ground state 
of a simple paramagnetic center Er+3, it will increase with decreasing temperature as shown 
by the dotted line in Fig. 2-22 (a). Therefore, these behaviors required more studies, which 
will be presented in later chapters of this thesis. 
    Figure 2-22 (b) shows the temperature dependence of peak to peak linewidth of B and C 
signals. It is noted that the broadening of the linewidth for C is much faster than that for B 
with increasing temperature. This indicates that the couplings of B and C centers with the 
lattice are quite different.!
!(2%5%3(ESR(measurements(under(illumination((
    In order to investigate the effect of photo excitation of the host on the ESR spectra of the 
A, B, and C centers, ESR measurements under illumination were carried out by using a He-
Ne laser.  According to Er3+ excitation model, under illumination using He-Ne laser of photon 
energy 2.0 eV exceeding GaAs bandgap. Electron and hole would be created. Er-O trap level 
attracts an opposite carrier through coulomb potential to form electron-hole pair.  Then the 
electron-hole pair recombined transferring energy to excite the 4f- electron of 
photoluminescence Er3+ center from 4I15/2 to 4I13/2 . This excitation results in ESR intensity 
reduction. Figures 2-23 (a), (b) and (c) show the ESR spectra for A, B, and C under 
illumination (on) and without illumination (off) at 8K, respectively. It was clear that the 
integrated intensity of the signal A under illumination is larger than that in the dark. The 
integrated intensity of the signal B under the illumination is weaker than that in the dark. M. 
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Yoshida et al. were unable to explain the origin of the increase in A-signal. They suggested 
that B-center might correspond to Er-luminescent center. On the other hand, the change of 
the integrated intensity of the signal C is small and was considered to be due to the heat 
effect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-23  ESR spectra at 8K , under the illumination (dashed line) and without the 
illumination (solid line) [19]. 
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2-6 Zn-codoping of GaAs;Er,O [30]  
   The PL measurement of GaAs;Er,O with Zn doping samples has been performed  to 
investigate the effect of Zn-doping ( p-type charge carrier) on PL intensity.  Figure.2-24 
shows the PL spectra measured at 4.2K for two GaAs;Er,O , Zn samples grown by OMVPE. 
The GaAs;Er,O,Zn sample denoted GA055BN has higher Zn concentration  than 
GaAs;Er,O,Zn sample denoted GA05569. The PL spectra of the two samples were compared 
with undoped GaAs;Er,O sample. It is seen that, all samples show the same PL lines related 
to Er-2O luminescent center.  But the PL intensity decreases largely with increasing Zn–
concentration. M. Yoshida et al. concluded that, Zn-codoping affects the luminance of Er-2O 
center, led to the decrease of PL-intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2-24 PL spectra of the three samples [30]. 
 
     
ESR measurements have been carried out in order to investigate the effect of Zn-codoping on 
the local structure of Er-related centers [30]. Angular dependence was measured for 
GA05569 sample (with low Zn-concentration) from  θ = -10o to 190o in 5o steps. Where, 
θ was the angle in degree between the magnetic field and [001] direction in the (-110) plane 
(Fig 2-19 (a)). The ESR signals A, B and C assigned to Er-2O centers were observed. Figure 
2-25 shows the angular dependence of g-values. The angular dependence of g-values was 
quite similar to previously reported of GaAs;Er,O samples. Obviously that Er-relatead A, B, 
and C centers formed in GaAs;Er,O,Zn samples have the same atomic configuration.  
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FIG. 2-25 Angular dependence of g-values for A (solid triangle), B (open circle), and C 
(solid circle) [30]. 
  
 
 
   The temperature dependence was observed from 4.5K to 13K. Here the magnetic field is 
applied approximately along the [001] direction. Figures 2-26 (a) and (b) show the 
dependence of ESR intensity at 8K for signals A, B and C, respectively. 8K was chosen from 
the temperature dependence because the signals show its maximum intensity at this 
temperature.  ESR intensity was strongly affected by Zn-codoping. It was seen that the 
intensity of C-signal decreases with increases doping amount of Zn. while change of ESR 
intensity of B-signal is relatively small. On the other hand the change of A-signal is not clear.  
     M. Yoshida et al. found that the relative PL intensity ratio is 1: 0.14: 0.005 for GA05544, 
GA05569, and GA055BN respectively. Here the PL intensity is normalized by the PL 
intensity of GA05544 (grown without Zn co-doping). This ratio is very close to that of ESR 
intensity of C, which is estimated to be 1: 0.1: 0 (no signal) for GA05544, GA05569, and 
GA055BN, respectively. From this result M. Yoshida et al. suggested that the Zn codoping 
selectively disturbed the formation of C-center. The C-center seems to play a significant role 
in the excited PL of GaAs;Er,O .  
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FIG. 2-26 (a) ESR spectra of A-signal , (b) ESR spectra of B and C signals  at 8K. The 
magnetic field was applied approximately along the [001] direction [26]. 
 
 
 
!
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3.  Experiment Details  
 
3.1 Sample   
3.1.1 Synthesis of samples 
    The GaAs;Er,O  samples preparation was done by Prof. Fujiwara and his group. The 
GaAs;Er,O epitaxial film  samples were  grown by metal organic chemical vapor deposition 
(MOCVD). MOCVD is a technique for depositing thin layers of atoms on to a semiconductor 
wafer via chemical vapor deposition process.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3-1 MOCVD set up used for making GaAs;Er,O samples 
 
 
    
  Simply put, the mechanism of the MOCVD is that.  The atoms (desired to be in sample) are 
combined with complex metalorganics gas molecules. They are introduced into a reaction 
vessel (reactor) with a carrier gas (H2 or N2). The chemical reaction is introduced by heating 
the gases using radio-frequency heating. As a result, the desired atoms are deposited on a 
substrate which is placed on graphite susceptor, layer by layer by varying the composition of 
gas. The advantages of using metalorganics are that they are volatile at moderately low 
temperature. A schematic diagram of the MOCVD horizontal reactor is shown in Fig. 3-1. 
Note that the geometric shape of the susceptor provides the name of reactor. There are three 
common geometric shapes of susceptor for epitaxial growth; they are horizontal, pancake and 
barrel susceptors. The required metalorganics for gallium, arsenide and erbium sources for 
GaAs;Er,O growth  will be mentioned in chapter 4. The most important growth parameter is 
growth temperature. Prof. Fujiwara’s group have grown GaAs;Er,O samples at different 
growth temperatures [32]. These growth temperatures are varied from 580 ° C, 565 ° C, 550 ° 
C, and 525 ° C. Then they measured the PL emission spectrum at 1540 µm for those 
GaAs;Er,O samples  at 77 K. They observed that the PL intensity increases as growth 
temperature increases as long as the growth temperature is lower than 550 ° C. Above 550° C 
the PL intensity starts to decreases.  This suggests that the best growth temperature for 
GaAs;Er,O samples is 550 ° C. 
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   There is another major growth mechanism beside MOCVD for GaAs;Er,O epitaxial films. 
This is molecular beam epitaxy (MBE). However, MOCVD is the dominant deposition 
technique as it has several advantages, for example: high efficiency, high quality thin film 
composition.  Also, its accurate control of thin film composition and faster compared to MBE 
growth mechanism. Beside, the metalorganics reactant does not need high temperatures; this 
is useful for light materials (as oxygen does not evaporate) [31].  
 
 
 
3.1.2 Measurement of Er and O concentration 
   Measurements of the Er and O concentrations in GaAs;Er,O  samples were carried out 
using Secondary ion mass spectrometer (SIMS). SIMS is a technique used to analyze the 
composition of solid surfaces and thin films by sputtering the surface of the specimen with a 
focused primary ion beam.  Then the ejected secondary ions were collected and analyzed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3-2 Schematic drawing of SIMS principle. 
    
 
The conventional SIMS set up consists of five main components:  
• The Primary ion gun is used to generate the primary ion beam.  
• The primary ion column is used to accelerate and focus the beam onto the sample. 
• A high vacuum sample chamber. In it the sample is mechanically mounted on a 
vertical holder-allowing x and y movement.   
• Mass analyzer separates the ions according to their mass to charge ratio. Ion detection 
unit is used to determine the elemental ionic composition of the thin film [33,34]. 
A schematic drawing of SIMS spectrometer is shown in Fig.3-2. 
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3.1.3 Measurement of charge carrier  
    As mentioned before two groups of GaAs;Er,O were measured in this study.  The first 
group of GaAs;Er,O samples with different Er-concentrations and without charge carriers. 
The second group of GaAs;Er,O samples with different Er-concentrations and charge 
carriers. Temperature dependent Hall measurement (TDH) was carried out to determine the 
concentration and the sign of charge carrier in the second group of GaAs;Er,O samples with  
different charge carriers.  
    Hall effect measurements are simply consists of a suitable magnet to generate magnetic 
field. A power supply is used to apply voltage in one direction. The sample is placed in a 
longitudinal electric field and a transverse magnetic field. The moving charge carriers 
experience a Lorentz force due to magnetic field in the sample plane, perpendicular to their 
velocity. This deflects the negatively charged electron to one side wall of the sample, where 
they build up a surface of charge density. Since absence of charge on other opposite side of 
the sample is positive charge. Then a transverse electric field is produced. At equilibrium, the 
transverse electric field force (Hall field) will balance with the Lorentz force and it opposes 
any further charge build up. The transverse voltage is known as Hall voltage. The measured 
Hall carrier concentration is given in terms of Hall coefficient .  
   In the temperature dependent Hall measurement (TDH), Hall effect measurement system is 
accompanied with a vacuum pump and a closed cycle helium refrigerator. The sample is 
mounted on a copper block. A heater wire at the base of the copper block allows the 
temperature controller to maintain while the Hall effect measurement is performed [35].  
 
 
3.2 X-band ESR Set up 
 3.2.1 Bruker EMX081 ESR system  
   X-band ESR measurements were performed by means of Bruker ESR spectrometer at 
Center for Supports to Research and Education Activities of Kobe University. In ESR 
measurements, the sample was placed on a glass rode in a microwave cavity, between the 
pole faces of an electromagnet. Microwave power was directed to the sample and a detector 
monitored the reflected power. While keeping the microwave frequency fixed, and the 
magnetic field varied. 
 A schematic diagram illustrating Bruker EMX081 ESR spectrometer is shown in Fig.3-3.  
The Bruker EMX081 ESR spectrometer consists of four essential components:  
• A microwave bridge 
• A cavity designed to ensure a proper coupling between the sample and the incoming 
wave. 
• A magnetic power source 
• A detector.  
• Two sub-essential components (we named as Options)  
• The gonio meter  
• The temperature controller. 
 The general properties of each component will be briefly explained below [36,37] 
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FIG. 3-3 The block diagram of Bruker ESR spectrometer [37]. 
 
 
 
3-2-1-1 Microwave bridge (Bruker ER 041XG)  
    Microwave source and detection system. There are five main parts in a microwave bridge. 
Figure 3-4 shows the block diagram of  a microwave bridge.  
• Part A: The microwave Source is a monochromatic source of microwave. The 
fundamental frequency is about 9.75 GHz. 
• Part B: Attenuator, is used to vary the output power of the  microwave source which 
the sample sees.  
• Part C: Three-ports Circulator, in port 1 the source is placed, the cavity in port 2 and 
the detector in port 3. This arrangement allows the microwave coming in port 1 of the 
circulator only go through port 2 and will not enter through the opposite port 3. Also 
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the reflected microwave go through port 3 are directed only to the detector and not 
back to the microwave source. Therefore the detector sees only the microwave 
radiation coming back from the cavity. 
• Part D: The cavity in it the sample. 
• Part E: Detector, we use a Schottky barrier diode. It converts the microwave power to 
an electric current.  The detected signal appears as a first derivative of the observation 
signal as shown in Fig. 3-5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3-4 The block diagram illustrating main parts of microwave bridge [37].  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3-5 The derivative of absorption signal as a function of the magnetic field, which is 
measured directly by ESR spectrometer. 
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3-2-1-2 ESR Cavity  
    The ESR cavity used is ER4105DR. It consists of double rectangular cavity operating in 
the TE104 mode with a nominal center frequency of 9.7 GHz. The cavity is supported 
between the poles of the magnet by a wave-guide, which connects it to the microwave bridge. 
Both chambers of double rectangular X-band resonator are equipped with rapid scan coils. 
The front chamber has an optical grid with 50% transmission as shown in Fig. 3-6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3-6 Double rectangular resonator 
 
    
   Microwave cavity is simply a rectangular metal box which resonates with microwave. It is 
used to amplify the weak signals from the sample. The microwaves coupled into the cavity 
via a hole called iris. The size of the iris controls the amount of microwaves which will be 
reflected back from the cavity and how much will enter the cavity. The iris carefully matches 
the impedances of the cavity and the waveguide (rectangular pipe used to carry microwaves). 
There is an iris screw in front of the iris (See Fig. 3-7). The screw can moves up and down, 
changing the size of the iris. This allows us to adjust the matching.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3-7The matching of a microwave cavity to a waveguide [37]. 
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   Cavity stores the microwave energy. At resonance frequency no microwave will be 
reflected back from the cavity but it will remain inside. The group velocity of waves 
propagating along rectangular wave-guide is given by [36], where fc is known 
as cut off frequency. For cut off frequency smaller than propagating wave frequency, this 
means that the expression under square root is real and the wave of this frequency propagates 
along waveguide.  But when cut off frequency is greater than propagating wave frequency, 
the expression under square root is negative and the wave of this frequency cannot 
propagates along rectangular wave-guide.  Thus rectangular wave-guide behaves as high-pass 
filter and that is why it is the microwave analogue of an rf-tuned circuit, and so rf-tuned 
circuit will be considered.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.3-8, The RLC tunned circuit 
 
  
  In Fig. 3-8 we see the RLC circuit, considered a parallel connection of a capacitor with 
capacitance C, coil with inductance L, and resistor with resistance R. As the impedance Z is 
expressed as  , we know that the angular resonance frequency of the 
circuit is  .  The quality factor Q is defined as  and this quality 
factor Q is very important in the theory of resonant cavities. Cavities are characterized by 
their Q-value (quality factor), which indicates how efficiently the cavity stores microwave 
energy.  A higher quality factor indicates a lower rate of energy dissipation and a high- 
sensitivity of the spectrometer.  Another important way of defining the Q-factor is the ratio of 
electromagnetic energy contained in the resonant cavity and the total energy loss in one cycle 
  
                                                                
                                                        (3-1) 
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3-2-1-3 Console and Magnet power supply unit 
   The console contains signal processing and control electronics and a computer.  
To perform ESR experiment in high magnetic field, magnetic system from Oxford 
instruments was used. It is able to produce magnetic field up to 9500G. Figure 3-9 shows the 
block diagram of the magnetic field system and associated components.  
  The magnetic field controller consists of two parts: the part, which sets the field values and 
timing of the field sweep. The other part regulates the current in the windings of the magnet 
to obtain the requested magnetic field value. The magnetic field values and the timing of the 
magnetic field sweep are controlled by a microprocessor in the controller. The magnetic field 
regulation occurs via a Hall probe located in the gap of the magnet. As the Hall probe should 
be close to the sample for an accurate measurement of the field. Regulation is accomplished 
by comparing the voltage from the Hall probe with the reference voltage given by the other 
part of the controller. When there is a difference between the two voltages, a correction 
voltage is sent to the magnet power supply which change the amount of current flowing 
through the magnet and hence the magnetic field is varied.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.  3-9 The block diagram of the magnetic field controller [37]. 
 
 
 
3-2-2 Options  
3-2-2-1 Gonio meter  
   The gonio meter has been used for measuring ESR spectra of a given sample as a function 
of their angular position in the magnetic field.   
   The sample was fixed to a glass rod then they were covered by another quartz tube to avoid 
contamination. The sample tube or quartz rod is inserted and locked in a special holder.  The 
holder fits onto the gonio meter in a reproducible position as shown in Fig. 3-10. The gonio 
meter used in our study is a standard automatically control gonio meter (type Bruker 
ER218G1) which uses a computer controlled stepper motor to position the sample, with an 
angular resolution of 0.125 degree and a reproducibility of 0.5 degrees.  
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    To perform ESR measurement along all crystal axes and also to perform the orientation 
dependence measurement along all the crystal planes, the sample can be fixed to the quartz 
rode in different ways as shown in Fig. 3-11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 FIG. 3-10 Schematic view of the gonio meter within the ESR spectrometer [37]. 
 
 
 
 
 
 
 
 
 
 
FIG. 3-11 Possible orientation of the sample with respect to magnetic field. The sample can 
be rotated around the a-axis (a), b-axis (B), or c-axis (C). 
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3-2-2-2 Low  temperature controller   
    The ESR900 cryostat is used to provide cooling of the sample. Using this cryostat we can 
achieve temperatures between 3.8 K and 300 K during the experiment. Figure 3-12 shows the 
cryostat within X-band cavity fitted into the spectrometer electromagnet. Figure 3-13 shows a 
general layout of ESR cryostat.  
 
 
 
FIG. 3-12 The cryostate within X-band ESR cavity [37]. 
 
 
   The operating temperature is achieved by using a heat exchanger. Liquid helium is pulled 
from a separate storage Dewar, through a flexible transfer tube and into the cryostat.  The 
ESR cavity in it the sample is mounted inside the cryostat.  
The thermal contact between the heat exchanger and the sample is achieved by inserting He 
exchanges gas at ambient pressure inside the sample champers, where it is warmed to the 
desired operating temperature. 
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FIG. 3-13 A general view of the He-continuous flow cryostat with a cavity inserted [37]. 
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4. Basic properties of GaAs;Er,O samples under study 
 
4.1 Samples basic properties 
   Six GaAs;Er,O samples were studied. The samples were divided into two groups. Group A: 
three GaAs:Er,O samples (GA030278-GA05522-GA05529) with different Er-concentration 
and  without charge carriers. For ease of reading, I have re-named GA030278, GA05522, and 
GA05529 samples as GA-17, GA-18, and GA-19 respectively. Group B: three GaAs:Er,O 
samples (GA040396-GA050462-GA050461) with different Er-concentration and  different 
charge carriers. For ease of reading, I have re-named GA040396, GA050462, and GA050461 
samples as GA-17-n,  GA-18-r, and GA-19-p.  
   GaAs;Er,O samples were grown on (001)  semi-insulating GaAs substrate by the  
metalorganic vapor phase epitaxy (OMVPE) system. A brief description of the OMVPE 
growth system is provided in chapter 3. The metalorganic sources were used for GaAs;Er,O 
growth were; Tertiarybutylarsine (TBAs) and Triethylgallium (TEGa) were used for GaAs 
growth. Er(DPM)3 [(C11H19O2)3Er]  was used as an Er source in GA-17 sample. The Er 
source in the other five GaAs;Er,O samples was Er(i-PrCp)3 [(i-C3H7C5 H4)3Er]. 18O2 of 49.9 
ppm in Ar was used as an O2 source. The chemical formula of compounds used in OMVPE is 
shown in Fig. 4-1 [32]. 
    As described in chapter 3 the concentration of Er and O were measured by secondary ion 
mass spectroscopy (SIMS). SIMS measurements of erbium were made using O+2 ions as 
primary ions. SIMS measurements of oxygen were made using   CS+ ions as primary ions. In 
group B GaAs;Er,O samples, the conductivity types and carrier concentrations were 
measured  by temperature dependent Hall measurement (TDH). The Er concentration and 
charge carrier details are given in Table 4-1. 
  
Table 4-1 GaAs;Er,O samples studied in this thesis 
 
Sample   Er–concentration [cm-3] Conduction type and carrier 
concentration [cm-3] 
Group A (without charge carriers) 
GA030278 (GA-17) 
 
< 1017  
GA05522 (GA-18) 
 
8.3x1017  
GA05529 (GA-119) 
 
9.2x1018  
Group B (with charge carriers) 
GA040396 (GA-17-n) 
 
7.0x1017 n-type , 5.6x1014 
GA050462 (GA-18-r) 
 
4.0x1018 High-value resistance 
GA050461 (GA-19-p) 
 
1.0x1019 p-type, 5.7x1016 
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FIG. 4-1 Chemical formula of  metalorganic compounds used in the MOCVD preparation 
method [32]. 
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    It is well known that in an intrinsic semiconductor, all energy states in the valence band are 
filled with electrons and all energy states in the conduction band are empty of electrons.  
Band gap is the difference in energy between the conduction band and the valence band.  The 
Fermi-energy is at the mid gap energy between the conduction band (EC) and the valance 
band (Ev). In an n-type or a p-type semiconductor, the Fermi energy changes from the midgap 
value. The Fermi level moves closer to the conduction band for the n-type and closer to the 
valence band for the p-type [38]. In Group B GaAs;Er,O samples with charge carriers, it is 
important to discuss the effect of carrier concentration on the Fermi level position in the 
GaAs band gap. 
   As the nature of the trap level is unkown. We consider Er-2O trap level is an electron trap.  
In n-type sample for example, If the fermi level lies between the donor level and the 
conduction band, then both the valence band and the electron trap level are occupied. The 
capture of excited electrons to the Er-2O trap level will be inefficient as the Er-2O center is 
already occupied.    
   Mathematically, we calculated the shift of Fermi energy (Ef) level with respect to the center 
of the bandgap (Emidgap), as a function of the electron and hole concentration using equation 
4-1.  
 
                                            
                                                                  (4-1) 
 
 
 
   Where no and po are the electron and hole concentrations, respectively. The shift in Fermi 
level energy was 0.5 eV for  GA-17-n (n-type) sample with no= 5.6×1014 cm-3. It was 0.6 eV 
for GA-19-p (p-type) sample with po= 5.7×1016 cm-3.  This means that there is only a slight 
change in Fermi level position due to charge carriers. This does not affect the excitation 
mechanism. Our calculation show similar results as reported [39]. Reported theories 
concerning the effect of carrier concentrations on band structure of GaAs, show that, there is 
effective change when carrier concentrations exceed 1019 cm-3 in p-type and 1017 cm-3 in n-
type GaAs samples. 
 
 
4-2 PL properties 
   PL measurements are the most useful characterization technique for semiconductors. The 
PL measurement on GaAs;Er,O were performed by Prof. Fujiwara and his group. I will try to 
present briefly the PL results in this paragraph. The photoluminescence spectroscopy 
experimental setup used in this study is shown in Appendix B. 
   All GaAs;Er,O samples exhibit PL emission at 1540 nm. The difference between PL 
spectral shapes is small. The dependence of Er-related PL spectrum intensity on Er-
concentration and charge carrier was plotted in Fig. 4-2. Group A GaAs;Er,O samples 
(without charge carrier) in Fig. 4-2 (a). Group B GaAs;Er,O  samples (with charge carriers) 
in Fig. 4-2(b). The PL spectrum intensity is independent of Er-concentration up to 1018 cm-3. 
With increasing Er concentration higher than 1018 cm-3, the PL spectrum intensity starts to 
decrease with increasing Er concentration.  Also it is clear in figure 4-2(b) in the GA-19-p 
(GA050461) the PL intensity is greatly reduced.   
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FIG. 4-2 The dependence of Er-related spectrum on Er-concentration measured by Fujiwara 
et al. [28]. (a) for GaAs;Er,O samples  without charge carriers, (b) for GaAs;Er,O samples 
with charge carriers [32].  
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5. Experimental results and discussion on GaAs;Er,O samples 
(without charge carriers) 
 
5-1 Angular dependence of ESR spectra  
    In Figures 5-1 (a), (b) and (c) the angular dependence ESR spectra of GA030278 (GA-17, 
CEr<1017cm-3), GA05522 (GA-18, CEr = 8.3x1017cm-3) and GA05529 (GA-19, CEr=9.2x1018 
cm-3), is respectively measured at 8.0 K. The measurements are shown for various magnetic 
field directions from -10o to 190o in 5o steps. Here, θ is the angle in degrees between the 
magnetic field and the [001] direction in the (-110) plane. The measurement configuration is 
illustrated in Fig. 5-2. The spectrum consists of three well-defined ESR signals. We labeled 
them A, B and C, according to T. Ishiyama et al. paradigm [18]. There is an extrinsic ESR line 
around 3250G from the glass rod. The ESR lines A, B and C are  dependent on the angle. The 
Er concentration dependence is small.  
 !! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-1 (a) The angular dependence ESR spectra of GA030278 (GA-17), at 8K for various 
magnetic field direction from θ =−10ο to190o in 5o steps. 
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FIG. 5-1 (b) The angular dependence ESR spectra of  GA05522 (GA-18) at 8K for various 
magnetic field direction from θ =−10ο to190o in 5o steps. 
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FIG. 5-1 (c) The angular dependence ESR spectra of GA05529 (GA-19) at 8K for various 
magnetic field directions from θ =−10ο to190o in 5o steps. 
 
 
 
 
 
 
 
 
FIG. 5-2 The experimental configuration used in this study. θ is the angle in degrees between 
the magnetic field and the [001] direction in the (-110) plane. 
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   Figures 5-3 (a), (b) and (c) show the angular dependence of the g values for A, B, and C 
from θ=-10o to 190o in 5o steps obtained from analyzing the angular dependence results by 
using the resonance condition  where, B is the resonance field and υ is the 
experimental used frequency 9.66x109 Hz.  The principal g-value for A, B and C signals were 
estimated to be 3.02, 1.29 and 1.09, respectively. Such g-values are quite consistent with the 
previously reported values of GaAs;Er,O with the Er-concentration CEr= 6.3x1018 cm-3 [19].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-3  Angular dependence of g"values for A (plus sign), B (open sign) and C (solid 
sign) for (a) GA-17 , (b) GA-18,  and (c) GA-19. 
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5-2 The ESR results of temperature dependence 
5-2-1 Temperature dependence of raw spectra 
   The temperature dependence of the ESR spectra of B and C signals for GA-17, GA-18 and 
GA-19 are determined by performing ESR measurements at temperatures from 4.5K to 18K. 
Figures 5-4 (a), (b) and (c) show the typical ESR spectra observed when the magnetic field 
was applied approximately along the [110] direction by using the experimental configuration 
of Fig. 5-2. The precise [001] direction was avoided in order to prevent the equivalent signals 
from overlapping each other. We observed that the resonance fields for B and C signals were 
independent of temperature. Conversely, the ESR intensity strongly depends on temperature. 
The intensity increases with increasing temperature and it has a maximum around 7.5K. Then 
it decreases with further increasing temperature.  
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FIG. 5-4 Temperature dependence ESR spectra for B and C signals of GA-17 (a), GA-18 (b), 
and GA-19 (c). The magnetic field was applied approximately along the [110] direction. 
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5-2-2 Temperature dependence of integrated intensity 
   Figures 5-5 (a), (b), and (c) show the integrated intensities of B and C signals as a function 
of temperature. This was obtained from spectra in Figs. 5-4. The temperature dependence of 
the integrated intensity is similar to that one observed in GaAs:Er,O sample with CEr=$6.3 
x1018 cm-3 by M. Yoshida et al. reported in Ref. [19] , in which the integrated intensity 
increases with increasing temperature, reaches a maximum value.  After which it begins to 
decrease.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-5 The integrated intensities temperature dependence of the B (open sign) and C 
(closed sign) signals for (a) GA-17, (b) GA-18, and (c) GA-19. 
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5-2-3 Temperature dependence of linewidth 
   Figure 5-6 shows the peak to peak linewidth temperature dependence of B and C ESR 
signals. It is clear from Fig. 5-6 that below 7K the linewidth is weakly depend on 
temperature.  The linewidth of B and C are similar for each sample. Also, one can see that for 
both the GA-18 sample and the GA-17 sample the line width is approximately equal. 
Whereas GA-19 linewidth is twice of  GA-18 and GA-17 samples linewidth. However, above 
7K, The line width increases with temperature. The broadening of C linewidth is much faster 
than for B.  This result is in a good agreement with GaAs:Er,O sample with CEr= 6.3 x1018 
cm-3  by M. Yoshida et al.[19].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-6  The peak to peak linewidths temperature dependence of the of B and C signals for 
the GaAs;Er,O samples. 
 
 
5-3 Lineshape analysis  
   In order to give a proper interpretation of the temperature dependence integrated intensity 
and linewidth results obtained, we have to understand the nature of dominant interaction in 
the system by studying lineshape analysis. 
    I will first start this section by showing the  typical absorption ESR spectrum and its first 
derivative line shape in Figs. 5-7,and  5-8, respectively. Where Ho is the resonance field, Im  
is the maximum intensity, H1/2 is the full width at half maximum (FWHM) for absorption 
spectrum, Hpp is the peak to peak width between maximum and minimum inflection points 
for first derivative absorption curve, and I`m  is the maximum first derivative amplitude ( 
(I`m1+I`m2)/2) 
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FIG. 5-7 Plot of ESR absorption spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-8 Plot of ESR first derivative spectrum. 
 
    
 
   The ESR line shape usually has two typical shapes; they are a Lorentzian and a Gaussian 
shapes. In the existence of strong dipolar spin-spin interaction between localized spins 
without exchange interaction, the absorption line is a Gaussian-shaped absorption curve 
which is generally described by eqs. (5-1), and (5-2) [36]. 
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 Where H1/2 is the full width at half maximum (FWHM) for absorption spectrum  
Conversely, when the exchange interaction is stronger than the dipolar spin-spin interaction, 
the absorption line becomes narrower and becomes a Lorentzian line shaped absorption 
curve. The Lorentzian line shape can be given by eqs. (5-3), and (5-4) [36]. 
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 Figure 5-9 shows the difference between the Lorentzian and the Gaussian absorption curve 
with the same half maximum linewidth, resonanance field and intensity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-9 The comparison of Lorentzian  (solid line) and Gaussian (dot line) absorption curves 
with the same half- amplitude line-width, resonance field and intensity. 
 
 
The mathematical expression for the first-derivative 
€ 
I`(H)of  the absorption line
€ 
I(H) of 
Gaussian and Lorentzian lineshapes with respect to the magnetic field H can be given by eqs.  
(5-5), and (5-6), respectively.  
 
          
€ 
I`(H) = 2ln2(Ho −H)Im(H1/ 2 /2)2
exp −ln2 (Ho −H) /(H1/ 2 /2){ }
2[ ]                      (5-5) 
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€ 
I`(H) = 2Im (Ho −H)3(H1/ 2 /2)2[1+{(Ho −H) /(H1/ 2 /2}2]2
                                         (5-6) 
 
   Equation (5-5) gave Gaussian first derivative lineshape  in terms of  the full width at half 
maximum (FWHM) (H1/2 ) which is related to the peak to peak width  (Hpp )by the expression 
€ 
H1/ 2 = 2ln2Hpp .  The maximum absorption amplitude Im is related to the maximum first 
derivative amplitude I`m by  the expression 
€ 
Im = e1/ 2I`m (
1
2Hpp ). Then the Gaussian lineshape 
of eq. (5-5) may be written in the form of eq. (5-7). We use a first derivative curve using Hpp 
because the first-derivative curve is our direct data. 
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Ho −H( )I`m /I`(H) = e−1/ 2(Hpp /2) exp
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             (5-8) 
 
  Equation (5-6) gave Lorentzian first derivative lineshape  in terms of the full width at half 
maximum (FWHM) (H1/2 ) which is related to the peak to peak width  (Hpp )by the expression 
€ 
H1/ 2 = 3Hpp  in case of Lorentzian. The maximum absorption amplitude Im is related to the 
maximum first derivative amplitude I`m by  the expression 
€ 
Im =
4
3 (Hpp )I`m . Then the 
Lorentzian  lineshape of eq. (5-6) may be written in the form of eq. (5-9). We use a first 
derivative curve using Hpp because the first-derivative curve is our direct data. 
 
 
                    
€ 
I`(H) = 16I`m (Ho −H) /(Hpp /2[ ]
3+ (Ho −H) /(Hpp /2){ }2[ ]
2                                                   (5-9) 
 
 
€ 
Ho −H( )I`m /I`(H) =
Hpp /2
4 3+ (Ho −H) /(Hpp /2){ }
2[ ]                          (5-10)  
The shapes of the real experimental spectra are difficult to distinguish i.e., Lorentzian or 
Gaussian. However, by plotting the square of the magnetic field relative to the resonance 
field divided by half linewidth of these samples (as the horizontal 
axis), versus
€ 
Ho −H( )I`m /I`(H) (as the vertical axis). We can compared the experimental 
spectra of B-signal in  Fig. 5-10 (a) with  the two theoretical curves. 
  
   It is obvious from the Fig. 5-10 (b) that the ESR lineshapes are closer to the Lorentzian 
lineshape. The tendency to approach the Lorentzian line shape become higher as the Er 
concentration increases. This result suggests that the effect of exchange interaction increases 
as the Er concentration increases.  
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FIG. 5-10 (a) ESR spectra of B signal at 8K. (b) ESR line shape for GaAs;Er,O samples in 
comparison with theoretical line shapes 
 
 
5-4 Er Concentration dependence 
   Figure 5-11 shows the Er-concentration dependence of the integrated intensity, The ESR 
measurement were taken with the same glass rode for the three GaAs;Er,O samples. The 
integrated intensity is normalized by the total number of Er atoms in each sample. Er 
concentration dependence can be classified into two regions, one when the CEr< 1018  cm-3 the 
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intensity is almost independent on concentration. The other region of CEr >1018 cm-3, the 
intensity starts to decrease with an increasing in Er-concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-11 Relative integrated intensity as a function of Er concentration  at 8K. The broken 
lines are used as the guide to eye. 
 
 
 
5-5 Discussion  
   As shown in Fig. 5-1, three types of Er-related ESR signals (A, B and C) were observed in 
GA-17, GA-18 and GA-19 samples. The resonance fields of these signals are quite consistent 
with previously reported [18, 19]. In other words, the resonance fields of these signals are not 
dependent on the Er-concentration. The principal g-value was estimated to be 3.02, 1.29 and 
1.09 for A, B and C signals, respectively. This angular dependence of g-value is comparable 
to previously reported values. The GaAs;Er,O sample (CEr=1018cm-3) measured by 
M.Yoshida et al. [19]  showed principal g-values 3.00, 1.25 and 1.12 for A, B and C signals, 
respectively. These principal g-values show that local configurations of Er-2O centers related 
to A, B and C signals do not depend on Er-concentration.  
   As shown in Fig. 5-10, the experimental lineshape analysis of B-signal is closer to the 
Lorentzian lineshape. The failure of Gaussian lineshape in our opinion is that Er3+ ions in 
GaAs are not distributed homogenously in the system and the exchange interaction plays a 
role in the system. This conclusion is reinforced by temperature dependence of integrated 
intensity and linewidth results. 
 
   We will discuss the temperature dependence of ESR spectra. As shown in Fig. 5-4, Er 
concentration dependence is almost negligible. The positions of B and C signals are the same 
in all temperature ranges and also in the three samples.   
   In Fig. 5-5 the integrated intensity shows maximum around 7.5K and becomes weaker 
above and below this temperature.  This behavior is also found in the study on GaAs;Er,O by 
M. Yoshida et al. [19]The integrated intensity is proportional to the magnetic susceptibility; 
if the ESR signal originates from a ground state of a simple paramagnetic center of Er3+, then 
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the integrated intensity should increase with decreasing temperature, showing the Cuire-
Weiss law dependence of susceptibility. However, the observed temperature dependence of 
integrated intensity at low temperature is described well by considering the spin dimer model 
(Bleaney-Bowers equation). 
    For two interacting spins 1⁄2, consider two nearest-neighbor spins coupled by an exchange 
interaction described by Hamiltonian given by H=J S1.S2, where S1 S2 are the operators for 
the spins of two magnetic ions, J is the exchange interaction. The system has two energy 
levels S$= 0 and S$= 1 separated by an energy gap (=exchange interaction J). In the magnetic 
field, the degeneracy of each state is given by 2S+1 so that there is a singlet state for S=0 and 
a triplet state for S=1 (shown in Fig. 5-12(a)). When J > 0 the ground state is a singlet state 
and the excited state is a set of three degenerate triplets, the temperature dependence of 
magnetic susceptibility is given by Bleaney-Bowers eq. (5-11) [40, 41] and plotted  as in Fig 
5-12 (b), more details  in case of large S will be shown in appendix C. 
  
                         (5-11) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG-5-12 (a) Represents the main splitting states in an isolated dimer system  
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5-12(b) The magnetic susceptibility of spin which is given by Bleaney-Bowers eq. (5-7)  
for J > 0 the singlet state is the ground state [41] 
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   Therefore, to interpret these temperature dependences  of integrated intensity one can make 
the assumption that Er-centers equivalent to B-center and C-center consist of two Er-atoms 
interacting antiferromagnticaly .  
 
   Now, we will discuss the concentration dependence of line width. Importantly, the 
concentration dependence of linewidth gives a better understanding of previous results on 
temperature dependence. If Er3+ ions are homogenously distributed in GaAs, the average 
distance between Er3+ ions is 22 nm for GA-17, 11 nm for GA-18 and 4.8 nm for GA-19 
samples. This average distance is quite large compared to lattice parameter of GaAs, aGaAs= 
0.565 nm. In this case, the exchange interaction between Er3+ ions should be negligible. The 
dominant interaction between Er- magnetic ions is the magnetic dipole interaction. 
   The theory of dipolar broadening of the absorption lines has been developed by Van Vleck 
(1948) [42]. He treated a system of electron spin Si interacting with a magnetic field H, 
produces a resonance line. The linewidth of spectral line is determined by the dipolar 
interaction and the exchange interaction with other spins in accordance with the Hamiltonian   
 
         (5-12) 
 
   Here, the first, the second and the third term is the Zeeman, exchange and dipolar energies, 
respectively. In the absence of exchange interaction, the linewidth of the spectral line H1/2 
depends only on the dipole-dipole interaction [43,44] and it  is  given by 
 
                              (5-13) 
                                  (5-14) 
   Where, rij is the distance between i ad j lattice site. θij  angle between rij and the z-axis along 
which the external field has been applied, µB is the Bohr magnetron,  g  is the Lande g-factor,  
for L=6, S=3/2 and J=15/2  .Where,  the peak to peak  line-
width (Hpp) of the first derivative line spectrum can be calculated using  . 
From these theoretical expressions the linewidth is related to the Er-concentration.  
 
   Following eqs. (5-13), and (5-14), the ratio of calculated linewidth increases with the 
concentration by factor of ten (1:10:100) considering the average distances.  This is not 
consistent with experimental results shown in Fig. 5-6. Indicating that, Er3+ ions are not 
homogeneously distributed in GaAs. The distances between Er3+ ions may be very short. This 
is another confirmation that the dipole interaction is not the only dominant interaction in the 
system, and the exchange interaction plays a role in the system. 
     
   In EXAFS [15] and PL measurement under a magnetic field [25, 26], the luminescent Er-
2O center is shown as Er-atom substituting for a Ga-sublattice surrounded by two adjacent O 
atoms and two As atoms. From our lineshape analysis, temperature dependence of integrated 
intensity and linewidth analysis, we can make assumptions that, the next nearest site of Er-2O 
center is also Er ions. The distance between Er-ions is very short. So that Er ion is coupled to 
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their nearest neighbors via super exchange interaction. The luminescent center consists of 
two Er-atoms (Er-pair model) a shown in Fig. 5-13.  
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
FIG. 5-13 Asymmetric diagram for assumed Er-pair model. 
 
 
   Concerning, the concentration dependence of relative integrated intensity. In chapter 4 (Fig. 
4-2 (a)), Fujiwara et al. [32] found that for the samples in the region of Er concentration CEr$= 
1017 to 1018 cm-3, the relative PL intensity was strong and the Er concentration dependence of 
the PL intensity was almost constant. For the samples in the region of CEr$= 1018 to 1019 cm-3, 
the PL spectra intensity decreased with an   increase in Er concentration. As shown in Fig. 5-
11, the changes of integrated intensity for A, B and C signals with Er concentration was 
closely related to the PL-spectrum. Suggesting that, there is a close relation between the 
integrated intensity of ESR absorption and PL intensity. 
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6. Experimental results and discussion on GaAs;Er,O samples 
(with charge carrier) 
 
6-1 Angular dependence of ESR spectra 
   The angular dependence ESR spectra of GaAs;Er,O samples with charge carrier  were 
measured at 8.0 K, for various magnetic field direction from  θ = 0o to 180o in 5o steps. Here, 
θ is the angle in degrees between the magnetic field and the [001] direction in the (-110) 
plane. This experimental configuration is illustrated in Fig. 6-1. Figures 6-2 (a), (b), and (c) 
show the angular dependence of ESR spectra for GA040396 (GA-17-n, CEr=7.0x1017 cm-3), 
GA050462 (GA-18-r, CEr=4.0x1018 cm-3) and, GA050461 (GA-19-p, CEr=1.0x1019 cm-3 
respectively. We can see the three Er-related ESR signals A, B and C at the same resonance 
field in GA-17-r, GA-18-r and GA-19-p samples. This means that the resonance field of A, B 
and C signals do not exhibit any change with varying Er-concentration or charge carrier.  
 
   Figures 6-3 (a), (b), and (c) show the angular dependence of the g-value for GA -17-n, GA-
18-r and, GA-19-p respectively. The principal g-values of ESR absorption lines A, B and C 
were estimated to be 3.05, 1.28 and 1.16, respectively. Such g-values are nearly equal to 
previously reported values of GaAs;Er,O sample with Er-concentration CEr=6.3x1018 cm-3 
[19] and those samples without the charge carrier reported in chapter 5.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.  6-1 The experimental configuration used in this study. θ is the angle in degrees between 
the magnetic field and the [001] direction in the (-110) plane. 
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FIG. 6-2 (a)  The ESR spectra of GA-17-n (CEr = 7.0x1017 cm-3, n-type charge carrier ) for 
various magnetic field direction from θ = 0o to 180o in 5o steps at 8K. An extrinsic signal 
around 3250 G from the glass rod was also observed.  
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FIG. 6-2 (b)  The ESR spectra of GA-18-r (CEr = 4.0x1018 cm-3, high resistance) for various 
magnetic field direction from θ = 0o to 180o in 5o steps at 8K. An extrinsic signal around 
3250 G from the glass rod was also observed.  
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FIG. 6-2 (c) The  ESR spectra of GA-19-p (CEr = 1.0x1019 cm-3, p-type charge carrier) for 
various magnetic field direction from θ = 0o to 180o in 5o steps at 8K.  An extrinsic signal 
around 3250 G from the glass rod was also observed.  
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FIG. 6-3  The g-values angular dependence of  the three ESR signals A (plus sign), B (open-
sign), C (solid-sign) for (a)GA-17-n, (b)GA-18-r, and (c) GA-19-p  
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6-2. The ESR results of temperature dependence 
6-2-1 Temperature dependence of raw spectra 
   The temperature dependence of B and C ESR spectra for GA-17-n, GA-18-r, and GA-19-p 
samples is shown in Figs 6-4 (a), (b), and (c), respectively. The magnetic field is applied 
approximately along the [110] direction using the same experimental configuration in Fig. 6-
1. It is clearly seen from Fig.6-4 that the resonance fields for B and C are the same for the 
three samples and do not depend on the temperature. However, the intensities for B and C 
depend on the samples as well as the temperature. In case of C ESR signal, intensity changes 
significantly and it becomes very weak in GA-19-p sample (with the highest Er concentration 
and p-type conductivity). Likewise, with increasing temperature the B and C signal 
intensities increase and have a maximum around 7 K. Then intensities decrease gradually 
with further increasing temperature. This behavior is clearer in the temperature dependence 
of integrated intensity of ESR spectra.  
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FIG. 6-4 Temperature dependence of ESR spectra B and C signals for GA-17-n (a), GA-18-r 
(b) and GA-19-p (c), from 4.5K to 18K.The magnetic field was applied approximately along 
the [110] direction. 
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6-2-2 Temperature dependence of integrated intensity 
   Figures 6-5 (a), (b), and (c) show the integrated intensities of B and C ESR signals as a 
function of temperature. This was obtained from spectra in Figs. 6-4. The integrated intensity 
increases with increasing temperature. Then it reaches a maximum value around 7K. After 
which it begins to decrease. This behavior is similar to M. Yoshida et al. [19] and previous 
studied GaAs;Er,O samples without charge carrier.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 6-5 The integrated intensities temperature dependence of the B  (open sign) and C 
(closed sign) signals for (a) GA-17-n, (b) GA-18-r and  (c) GA-19-p samples. 
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6-2-3 Temperature dependence of Linewidth 
   Figure 6-6 shows the peak-to-peak linewidths temperature dependence of B and C ESR 
signals. This was obtained from Fig. 6-4. It is clearly seen from Fig. 6-6 that below 7K the 
linewidth depend weakly on the temperature. However, above 7 K the linewidth of B 
increases rapidly. The linewidth of C signal starts to increase at lower temperature than B. 
These results are in a good agreement with previously reported of GaAs;Er,O (without charge 
carrier) [19]. Additionally, we observed that the linewidths of GA-19-p sample is about twice 
of GA-18-r and GA-17-n samples linewidth observed at 4.5 K.  
 
 
 
 
 
 
 
 
                          
 
 
 
                             
 
 
 
 
 
FIG.  6-6 Temperature dependence of peak-to-peak linewidthes of B (open sign) and C 
(closed sign) signals. 
 
 
6-3 Lineshape analysis 
   In order to clarify dominant interaction in GaAs;Er,O samples, the line shape analysis was 
carried out. As mentioned in chapter 5, The ESR lineshape has two typical shapes, that is a 
Gaussian and a Lorentzian. The absorption ESR curve is Gaussian-shaped absorption curve, 
when the dipole-dipole interaction between sufficiently localized spins is strong. Conversely, 
when the exchange interaction is stronger than dipole-dipole interaction, the absorption line 
becomes Lorentzian-shaped ESR curve. 
   We have compared the experimentally observed ESR B- spectra for GA-17-n, GA-18-r and 
GA-19-p at 8K (Fig. 6-7 (a)) with the theoretical two lineshapes.  The lineshape of GA-17-n 
and GA-18-r are closer to the Lorentzian lineshape, whereas, GA-19-p sample is more close 
to the Lorentzian-line shape, as shown in Fig. 6-7 (b). 
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FIG.  6-7 (a) ESR  spectra of B signal at 8K. (b) The experimental B signal for GA-17-r 
(open circle), GA-18-r (open triangle), GA-19-p (open square) in comparison with the 
theoretical Gaussian (dashed line eq.(5-8)) and Lorentzian (solid line eq. (5-10)). 
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6-4  Er concentration dependence 
   Figure 6-8 shows the Er-concentration dependence of the relative integrated intensity.  The 
ESR measurement were taken with the same glass rod for three GaAs;Er,O  samples and the 
normalized factor was the total number of Er atoms in each sample.  The intensity of A signal 
increases with increasing Er-concentration. Intensities of B and C signals are almost constant 
in the region of CEr=1017 to 1018 cm-3. The C signal decreases abruptly in the region of CEr 
=1018 to 1019 cm-3 and the B signal shows slight decreases in the region of CEr =1018 to 1019 
cm-3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
FIG. 6-8 ESR signal intensities for A (closed triangle), B (open circle) and C (closed circle) 
centers as a function of Er concentration.  
 
 
6-5  Discussion 
6-5-1 Discussion on GaAs;Er,O with charge carriers 
   In Angular dependence, we have observed three anisotropic ESR spectra originate from Er- 
related centers (A, B and C). Their resonance fields are similar to the previous ESR results 
[18,19]. Er concentration and charge carrier effects are negligible on the resonance fields. 
The principal g-value is estimated to be 3.05, 1.28 and 1.16 for A, B and C signals, 
respectively. The principal g-value of resonance lines A, B and C are equal to GaAs;Er,O 
samples without charge carriers. Also, this principal g-value is comparable to previously 
reported values. The GaAs;Er,O sample (CEr=1018 cm-3) measured by M.Yoshida et al. [19]  
showed principal g-values 3.00, 1.25 and 1.12 for A, B and C signals, respectively. These 
results indicate that the Er-2O centers responsible for ESR signals are identical in their 
atomic configuration as in GaAs;Er,O samples without charge carriers. However, The ESR 
intensity is strongly affected by charge carrier and Er-concentration. The temperature 
dependence of B and C signals presented in Fig. 6-4 shows that the increase in Er 
concentration results in the decreases of their intensities. Especially, the C signal intensity of 
GA-19-p sample is very weak.   
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   The previous measurements carried out on GaAs;Er,O without charge carriers showed that 
Er centers in GaAs  might  consist of two Er-atoms forming a singlet pair with 
antiferromagnetic exchange interaction (Er-pair model) shown in Fig 5-13.  Present results 
seemed to confirm the Er-pair model. 
 
   The temperature dependence of integrated intensity for B and C signals in Fig 6-5 (a), (b), 
and (c)  show a maximum at around 7K,  the integrated intensity  decreases with further 
increase in temperature. The integrated intensity is proportional to the magnetic 
susceptibility; if the ESR signal originates from a ground state of a simple paramagnetic 
center of Er3+, then the integrated intensity should increase with decreasing temperature, 
showing the Cuire-Weiss law dependence of susceptibility. However, the observed 
temperature dependence of integrated intensity at low temperature can be explained by the 
spin dimer model (see Fig. 5-12 in chapter 5). 
 
   The temperature dependence of linewidth for B and C signals in Fig 6-6 shows that the 
linewidth for GA-19-p is about twice of GA-17-n and GA-18-r at 4.5K. If Er3+ ions are 
homogenously distributed in GaAs, the average distance between Er3+ ions is 12 nm for Ga-
17-n, 6.3 nm for GA-18-r, and 4.6 nm for GA-19-p samples. This average distance is quite 
large compared to lattice parameter of GaAs, aGaAs= 0.565 nm. In this case, the exchange 
interaction between Er3+ ions should be negligible. The dominant interaction between Er- 
magnetic ions is the magnetic dipole interaction. The linewidths ( H1/2) is calculated 
assuming that only dipolar interaction in the system, using eqs. (5-13) and (5-14). The peak 
to peak linewidth ( H1/2) is expected to increase by a ratio 1:7:21 as the erbium 
concentration increases. This is not the case as shown in Fig. 6-6. This indicates the existence 
of exchange interaction in the system, which produces the exchange narrowed effect. This 
exchange narrowing explains why measured H1/2 is much narrower than calculated H1/2.  
 
   Another approach is the line shape analysis of ESR B spectra shown in Fig. 6-7. It can be 
shown that the line shape is closer to Lorentzian line shape. The tendency to approach the 
Lorentzian lineshape becomes higher as the Er concentration increase. These results suggest 
that the exchange interaction is more dominant in GA-19-p sample than GA-17-n and GA-
18-r samples. This can be easily understood by considering the exchange interaction become 
stronger as the Er concentration increases.  
 
   Therefore, our observed result is consistent with our first assumption that Er-centers 
equivalent to B center and C center consist of two Er-atoms antiferromagnetically coupled 
via a super exchange interaction. The magnitude of exchange interaction can be estimated to 
be about 7 K, which corresponds to the maximum of integrated intensity of ESR that is 
shown in Fig. 6-5. 
 
    Regarding, the concentration dependence of relative integrated intensity (see Fig. 6-8), the 
signal intensity for B and C signals decreases with an increase in Er concentration. However, 
the intensity for the signal C decreases abruptly in the region of CEr =1018 to1019 cm-3. From 
the comparison of this ESR result with PL measurement carried by Fujiwara et al.[32] (see 
Fig. 4-2 (b)), there is a close correlation between the decrease of ESR signal C and the 
decrease of PL intensity of higher Er concentration sample with p-type charge-carriers. 
 
 
 
 70 
6-4-2 Comparison with previous ESR results of GaAs;Er,O without charge 
carriers. 
    Comparing the results of   group B GaAs;Er,O  samples with charge carrier and group A 
GaAs;Er,O samples without charge carriers (discussed in chapter 5). From the angular 
dependence and the g-value of three anisotropic ESR spectra A, B and C centers, which are 
related to the local atomic configuration.  We found that A, B and C centers keep their atomic 
configuration in all GaAs;Er,O samples independent of  Er concentration and charge carriers.  
 
   The temperature dependence results for B and C signals in GA-17-r, GA-18-r are quite 
similar to those of GA-17 and GA-18 samples. Conversely, the C signal intensity of GA-19-p 
is much weaker than C signal intensity observed in GA-19 sample. The GA-19 sample, has 
nearly the same Er concentration but without p-type charge carrier.  
 
   In Er concentration dependence of the relative integrated intensity of GaAs;Er,O  samples 
without a charge carrier, we did not observe the sharp decrease of C signal  above CEr =1018 
cm-3 (see Fig. 5-11). That was observed in C signal of GaAs;Er,O samples with charge carrier 
(see Fig.6-8). Conversely, in the GaAs;Er,O,Zn sample (p-type) [30], it has been shown that   
the ESR  intensity of the C center decreases with  increasing Zn-concentration.  Thus, the 
observed reduction in C intensity in GA-19-p sample indicates that p-type charge carrier 
selectively disturbed the C-center, and furthermore decreases the PL intensity (explanation 
following in chapter 7) 
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7. Proposed model for GaAs;Er,O 
 
7-1 Understanding the excitation mechanism 
   Concerning, the concentration dependence of relative integrated intensity. In GaAs;Er,O 
samples with charge carriers, the signal intensity for B and C signals decreases with an 
increase in Er concentration, However, the intensity for the signal C decreases abruptly in the 
region of CEr =1018 to 1019 cm-3 (see Fig. 6-8). Comparing this ESR result with PL 
measurement carried out by Fujiware et al. [32] (see Fig. 4-2 (b)), we see a close relation 
between the behavior of  the ESR signal C and the low PL intensity found in the GA-19-p 
sample with high Er concentration and with a p-type charge-carriers. It should be noted also 
that the Er concentration dependence of relative integrated intensity previously measured on 
GaAs;Er,O samples grown without charge carriers (see Fig. 4-3 (a)) do not show the steep 
decrease  in C signal in the region of CEr =1018 to1019 cm-3.The reduction in GA-19-p sample 
C signal intensity is quite similar to the decrease in ESR intensity observed in p-type 
GaAs;Er,O,Zn samples [30]. Thus, we believe that the p-type charge-carrier plays a role in 
low PL emission and   in the reduction of the ESR C signal result in GA-19-p sample. 
 
   To understand the effect of a p-type charge carrier, we need to consider the excitation 
mechanism of Er3+ intra 4f-shell in GaAs;Er,O sample. The energy transfer model between 
GaAs host and the Er 4f shell has been shown in Figs. 2-14(b) and 2-15 [28, 29]. In the 
model (Fig. 2-14(b)), Er ions form a Er-2O carrier trap level in the GaAs band gap. The 
Isoelectronic trap is assumed to be an electron trap. When GaAs is excited, a photogenerated 
electron is captured by the trap level, and then, a free hole is attracted to the Er-2O trap level 
by Coulomb force. This results in the formation of an electron-hole pair (exciton). This 
electron-hole pair then recombines and a part of the recombination energy is transferred to 
the Er-4f shell excitation. The recombination energy of electron-hole pair is larger than the 
energy needed to excite the Er-4f shell (from ground state (4I15/2) to first excited state (4I13/2)). 
This energy mismatch is compensated by a non-radiative multiphonon mechanism [45]. It is 
not clear whether; The Er-2O trap level is an electron-like trap below the conduction band of 
GaAs or a hole-like trap above the valence band. But the energy transfer model can be used 
in either case by reversing the roles of electron and hole.  
 
   Since the Er-4f shell is well localized and is shielded by the outer 5s and 5p electrons, then 
the interaction between the 4f shell and GaAs host is expected to be small. An important 
parameter in the energy transfer model is the Er-2O trap level. Because it is located close to 
the Er-4f shell and a strong interaction between electron-hole pair and 4f shell is expected 
[46]. This results in efficient energy transfer. The PL intensity (IPL) is found to be 
proportional to the concentration of Er3+ ions which are excited [47, 48].  
             (7-1) 
Where is the concentration of excited Er ions,  the radiative lifetime.  the time 
required for energy transfer,  the decay life time of the Er-luminessence, nc is the 
concentration of electron-hole pairs which is proportional to  the occupation probability of 
the isoelectric trap-level. 
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 7-2 Proposed excitation model 
   On the basis of the previous mechanism, the excitation model is different in the n-type 
GaAs;Er,O samples from the p-type GaAs;Er,O samples. Figure 7-1 shows a schematic 
description of the energy transfer mechanism between Er 4f-shell and GaAs host in n-type 
GaAs;E,O samples and p-type GaAs;Er,O samples assuming the trap level  (Er-2O center) as 
a hole-like trap above the valence band. 
 
 
 
FIG. 7-1 A schematic representation of the energy-transfer from the  GaAs host and trap level 
to Er-ion 4f-shell. The n-type sample and p-type sample are shown in (a) and (b), 
respectively.  Closed and open circles show an electron and a hole, respectively. 
 
 
 
    I will first discuss the charge carrier effect on PL intensity based on the assumed model.  In 
the case of an n-type charge carrier (schematically shown in Fig. 7-1 (a)) the hole-like trap 
level is empty. According to the model the excitation proceeds as follow;  
• A free-electron and a free-hole are produced under GaAs excitation. The hole-like 
trap level captures a photogenerated hole to become positively charged. The hole-
attractive potential of the trap level is due to the large strain field produced by the size 
difference of the Er3+ ion (0.96 Å) and Ga3+ ion (0.62 Å) [49]. 
• Then, the positively charged trap level attracts a photoinduced electron in the 
conduction band by coulmbic force and creates an electron-hole pair.  
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• This electron-hole pair recombines. A part of the recombination energy is transferred 
to the Er-4f shell excitation.  
• The excited 4f-shell relaxes radiatively from its first excited state (4I13/2) to its ground 
state (4I15/2) emits PL at 1.5µm.  Since the recombination occurs at the Er-2O center, 
the energy transfer efficiency to excite the Er3+ 4f-shell is expected to be high.  
 
   In the case of p-type GaAs;Er,O sample (schematically shown in Fig. 7-1 (b))  a fraction of 
the hole-like trap will be occupied by holes even before the sample is excited. 
• Under GaAs excitation a free-electron and a free-hole are produced. Since the 
electron in the conduction band sees many positive traps all over in the real space, 
then the photogenerated electron re-combination with hole in the valance band seems 
to be preferred.  
• The photogenerated electron re-combines with a hole in the valance band. A part of 
the recombination energy is transferred to the Er-4f shell excitation.  
• This recombination is not at the Er-site. As a result, the energy transfer to Er3+ will 
not be effective.  The number of excited Er-ions should be quite small in p-type 
GaAs;Er,O sample resulting in the reduction of PL intensity.  
 
   Conversely, in the case of an electron-like trap, in an n-type GA-17-n sample, a fraction of 
the Er-2O traps will be occupied by electrons even before the sample is excited. The decrease 
of PL intensity is expected for the n-type.  While in p-type GA-19-p sample, all the Er-2O 
traps will be empty. A high PL intensity is expected for the p-type.  
 
   From the observed carrier effect on PL intensity, we can conclude that Er-2O trap level is a 
hole-like trap level, not an electron-like trap. A similar decreases in PL intensity was also 
observed in the previous study with Zn doping GaAs;Er,O [30] and Li doping GaAs;Er,O 
[24] (p-type) samples.  The PL intensity for GaAs;Er,O,Zn and GaAs;Er,O,Li  decreased 
more with increased doping of Li and Zn, which also support our model with a hole-like trap. 
 
   Now we will discuss the charge carrier effect of ESR signal intensity based on the proposed 
model in Fig. 7-1.  Again as shown in Fig. 6-8 the ESR intensity decrease of signal C is very 
significant for GA-19-p (p-type) sample. The same tendency was also observed in Zn doping 
GaAs;Er,O  (p-type) sample. The intensity of C-center decreases with increasing the doping 
amount of Zn [30]. These suggest that the decrease of signal C intensity is related to the 
increase of holes in the Er-O trap level as shown in Fig. 7-1 (b).  The reason why the ESR 
intensity of C-center decreases by the appearance of hole is not clear. One possibility is that, 
when the hole goes into Er3+, most of Er-ions are in electronic state Er4+ (4f10) rather than in 
electronic Er3+ (4f11). The Er4+ (4f10) correspond to Ho3+ (4f10).  The Ho3+ (4f10) has much 
more anisotropic g-values than Er3+[43,50]. Therefore, the ESR signal may move outside of 
our measurement range and this result in the decrease of ESR signal intensity.  
 
   In similar research on rare-earth ion doped III-V semiconductor using InP;Yb [51], a 
similar observation has been noted. Yb-doped InP forms an acceptor like electron trap level 
below the bottom of the conduction band of InP [52]. The energy transfers process to excite 
Yb3+ is shown in Fig. 7-2. The ESR intensity of Yb3+ (4f13) for the n-type sample was found 
to be weaker than that for the p-type sample (see Fig. 7-3). The decrease of ESR signal 
intensity has been explained that an electron captured by Yb trap level is accommodated in 
the Yb-4f shell. The Yb ions are in the Yb2+ (4f14) with a closed 4f- shell, which will not give 
ESR signal.  
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FIG. 7-2 Energy transfer process from InP host and trap level to Ybion 4f- shell [52]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.7-3  The ESR spectra of Yb3+ (4f13) for p-type sample (a), and n-type sample (b). These 
are measured at 4.2K and 9.05GHz [51]. 
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   Although the microscopic origin of the decrease of ESR intensity by the trapping of hole at 
the Er-2O center requires further investigation, we can interpret the intensity difference 
between signals C and B by assuming a deeper trap level for the C-center than that of the B-
center. Different Rare-earth centers in III-V semiconductors have different local atomic 
configuration. Different local atomic configuration resulting in different trap levels in the 
host band gap [53]. There is a slight difference in local structure between C-center and B-
center because the angular dependence of g-value is slightly different as shown in Fig. 6-3. 
Therefore, it can be expected that the trap level is deeper for C-center than for B-center.  The 
holes tend to go into the trap level of C-center and give rise to a decrease of ESR intensity for 
C as observed in Fig. 6-8.  
   Our model will be also consistent with the ESR results GaAs:Er,O without  charge carriers. 
No holes will go into the C-center in GaA-19 sample without charge carriers. Thus no such 
significant decrease of ESR intensity was observed for C-signal in GaA-19 sample without 
charge carriers (shown in Fig. 5-4(c)).  
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8. Conclusions 
 
    We have studied the role of Er concentration on six different GaAs;Er,O samples. Three 
GaAs:Er,O samples (GA-17, GA-18, GA-19) with different Er concentrations and  without a 
charge carrier. The other three GaAs:Er,O samples (GA-17-n, GA-18-r, GA-19-p)   with 
different Er concentrations and with  charge carriers. The GaAs;Er,O samples were grown  
on  (001) SI-GaAs substrates by  organometallic  vapor phase epitaxy (OMVPE) method. 
Samples provided by Prof. Fujiwara and his group at Osaka University. The Er, and O 
concentration were estimated by a secondary-ion mass spectrometer (SIMS). The 
conductivity type and charge carrier concentration were determined by Temperature 
dependence Hall measurement. 
 
    The angular dependence of the ESR spectra of all GaAs;Er,O samples was measured at 
8.0K. The three known-types of Er-related ESR signals (A, B and C) were observed in all 
GaAs;Er,O samples. It was clear that the resonance fields for A, B and C was the same for all 
samples and did not depend on either the Er-concentration or charge carriers. The angular 
dependence of g-value in the (-110) plane showed the same results observed in the previous 
ESR measurement on GaAs:Er,O sample with CEr=%6.3 x1018 cm-3 without charge carrier by 
Yousida et al [19]. These results suggest that the local structure of Er-2O center responsible 
for ESR signals are not affected by charge carriers or Er-concentration. 
 
   After angular dependence measurements, we also examined the temperature dependence of 
B and C ESR spectra in the range of 4.4K to 18K. The ESR intensity was strongly affected by 
charge carriers and Er-concentration (Especially; the C signal intensity of GA-19-p sample is 
very weak).  In temperature dependence of integrated intensities we found anomalous 
behavior at low temperatures. This indicates that the Er-center in GaAs are antiferromagnetic 
coupled, with population of a singlet-like non magnetic state at low temperature.  The 
temperature dependence of linewidth revealed that Er3+ ions are not homogeneously 
distributed in GaAs. The distance between Er3+ ions might be short. The observed lineshape 
for B signal showed a similar pattern as Lorentzian lineshape. As the Er-concentration 
increases the tendency to approach Lorentzian lineshape become higher. Therefore, the 
dominant interaction between Er-spins turns out to be exchange interaction not magnetic 
dipolar interaction. All the above obtained results suggest Er-pair model [54] that 
luminescent Er-2O centers consists of two Er-ions. Er-ions form spin dimers with their 
neighboring Er ion spins with a singlet-like ground state.  
  
   Furthermore, we observed the Er concentration dependence of ESR intensity. First 
measurements were carried out on GA-17, GA-18, GA-19 samples (without charge carriers). 
The A, B and C ESR spectra intensities for GaAs;Er,O samples with CEr< 1018  cm-3 are 
almost constant. In the region of CEr >1018 cm-3 the intensities start to decrease. Integrated 
intensities for A, B and C had behavior closely related to the PL-spectrum measured by Prof. 
Fujiwara and his group for those samples.  Second measurements were carried out on GA-17-
n, GA-18-r, and GA-19-p samples (with charge carrier).  The signal intensities for B and C 
decrease with the increase of Er concentration, However, the intensity for the signal C 
decreases abruptly in the region of CEr =1018 to 1019 cm-3. There is a strong correlation 
between the abruptly decrease of C-signal and the decrease of PL intensity for GA-19-p with 
the highest Er concentration and p-type conductivity sample. 
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   The last part of this thesis is focused on the effect of the p-type charge carriers showing 
how they can reduce PL intensity and C ESR signal intensity. Since there is a similar 
reduction of C ESR signal intensity and PL intensity in Zn doped GaAs;Er,O (p-type) sample 
[30],  we have proposed an energy transfer model assuming that the trap level is a hole–like 
trap above the valence band. The proposed model succeeded in explaining the reduction in 
PL intensity for GA-19-p sample (with high Er-concentration and p-type conductivity). 
For C ESR spectra intensity we assumed that, the hole goes into Er3+, and the electronic state 
of Er3+ (4f11) will change to Er4+ (4f10). The Er4+ (4f10) corresponds to Ho3+(4f10), which has 
much more anisotropic g-values than Er3+ (4f11). The ESR signal may move outside of our 
measurement range and results in the decrease of ESR C signal.  For the intensity difference 
between signals C and B spectra further studies are required. One possibility is that trap level 
from the valence band for C center is deeper than that of B center. The holes tend to go into 
the trap level of C center and give rise to the decrease of ESR intensity for C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 78 
References 
 
[1] "Extractive metallurgy of rare earths ", ed. by C. K. Gupta and N. Krishnamurthy (Taylor 
and Francis Group. 2005), pp.29 -31  
[2] "Some aspects of crystal field theory", ed. by T.M. Dunn, D.S. Mcclure, and R.G. 
Pearson. (A Harper international student reprint, Newyork, Evanston and London, 1965) 
[3] J.Kondo, Progr. Theoret. Phys. (Kyoto) 32 372 (1964) 
[4] B. Coqblin, M.D. Nunez-Reguerior, and S.G. Magalhaes, "Theory of the Kondo lattice: 
competition between the kondo effect and magnetic order", Philosophical Magazine, Vol. 86, 
pp. 2567 (2006) 
[5] G.R. Srewart, "Heavy-fermion systems ", Reviews of Modern Physics, vol. 56,  pp.755 -
787(1984 ) 
[6] “Rare Earth Materials:  Properties and Applications”, ed. by A. R. Jha (Taylor and Francis 
Group. 2014) 
[7] Tsung-Shune Chin "permanent magnet films for applications in microelectromechanical 
systems ", Journal of Magnetism and Magnetic Materials,  vol.209,  pp.75-79 (2000) 
[8] S. Granville, B. J. Ruck, F.Budde and A.Koo "Semiconducting ground state of GdN thin 
films ", Physical Review B, vol. 73,  pp. 235335-1-5 (2006) 
[9]A.J.Kenyon "Recent development in rare-earth doped materials for optoelectronics" 
progress in Quantum Electronics, vol. 26,  pp.225 -284 (2002 ) 
[10] "Guided-wave optical and surface acoustic wave devices, systems and applications ", ed. 
by Tsai, Chen S. (San Diego, California, 1980) 
[11]T. Miya , Y. Terunuma , T. Hosaka and T. Miyashita  "Ultimate low loss single-mode 
fibers at 1.55 µm",  Electron. Lett.,  vol. 15,  pp.106 -108 (1979)                                          
[12] P.N.Favennec "luminescence of erbium implanted in various semiconductors IV, III-V, 
and II-VI materials ", Electronic letters.,  vol. 25,  pp.718 -719 (1989 ) 
[13] H.Ennen, J. Schneider, G.Pomrenka and A.Axmann "1.54 µm luminescence of erbium-
implanted III-V semiconductors and silicon ", Appl. Phys. Lett, vol. 43, pp.943 -945 (1983) 
[14] Y. Takeda, "X-ray excited spectroscopy of defects and impurities in compound 
semiconductors", Materials Science in semiconductor Processing,  vol. 6,  pp.267-271(2003 ) 
[15] M.Tabuchi, H. Ofuchi, T. Kubo, K. Takahei and Y. Takeda , "EXAFS measurement on 
local structure around erbium atoms doped in GaAs with oxygen co-doping", Materials 
Science Forum,  vols. 258-263,  pp.1571-1576 (1997 ) 
[16] K. Takahei, A. Taguchi, and R. A. Hogg "Atomic configurations of Er centers in 
GaAs;Er,O and AlGaAs;Er,O studied by site-selective luminescence spectroscopy", J.Appl. 
Phys., vol. 82,  pp.3997-4005 (1997 ) 
[17] "An introduction to electron paramagnetic resonance". ed. by M. Bersohn, J. C. Baird- 
(Newyork amesterdam, 1966) 
[18] T.Ishiyama, E. Katayama, and K.Murakami "Electron spin resonance of Er-oxygen 
complexes in GaAs grown by metal organic chemical vapor deposition", J.Appl. Phys.  vol. 
84,  pp.6782-6787 (1998 ) 
[19] M. Yoshida, K. Hiraka, H. Ohta, and Y. Fujiwara "Electron spin resonance study of 
GaAs;Er,O grown by organometallic vapor phase epitaxy", J.Appl. Phys., vol. 96, pp.4189-
4196 (2004) 
 [20] K. Takahei, and A. Taguchi "selective formation of an efficient Er,O luminescence center 
in GaAs by metalorganic chemical vapor deposition under atmosphere containing oxygen ", J. 
Appl. Phys., Vol. 74 (3),  pp. 1979  (1993 ) 
[21] Y.Fujiwara, T. Kawamoto, T.Koide and Y.Takeda  "Luminescence properties of Er,O-
codoped III-V semiconductors grown by organometallic vapor phase epitaxy" Phyica B. Vol. 
273-274,  pp. 770-773  (1999 ) 
 79 
[22] K. Takahei, A. Taguchi, Y. Horikoshi and J. Nakata "Atomic configuration of Er O 
luminescence center in Erdoped GaAs  with oxygen codoping", J. Appl. Phys., Vol. 76 , pp. 
4332 (1994 ) 
[23] H. Ofuchi, T.Kubo, M.Tabuchi, K. Takahei and Y. Takeda "Local structures around Er 
atoms in GaAs;Er,O studied by  fluorescence EXAFS and photoluminescenc", Microelectronic 
Engineering , Vol. 51-52,  pp. 715-721 (2000 ) 
[24] D.Uki, H. Ohnishi, T. Yamaguchi, Y.Takemori, A.Koizumi and Y. Takeda "Effect of Li 
doping on photoluminesce from Er,O-codoped GAs", Journal of Crystal Growth , Vol. 
298,  pp 69-72 (2007 ) 
[25] H. Ohta, O. Portugall, N.Ubrig, M.Fujisawa, H.Katsuno, E.Fatma, S.Okubo and Y. 
Fujiwara "Photoluminescence measurement of Er,O-codoped GaAs under a pulsed magnetic 
field up to 60T", J.Low Temp. Phys., Vol. 159,  pp. 203-207 (2010 ) 
[26] H.Katsuno, H.Ohta, O.portugall, N.Ubrig, M.Fujisawa, E. Fatma, S.Okubo, and 
Y.Fujiwara, "Energy structure of Er-2O center in  GaAs:Er,O studied by high magnetic field 
photoluminescence measurement". Journal of luminescence, Vol. 131,  pp. 2294-2298 (2011 ) 
[27] "EXAFS spectroscopy Techniques and Applications", ed. by B. K. Teo and D. C .Joy 
(Plenum press, New York, 1981)  
[28] K. Nakamura, S,Takemoto, Y.Terai, A.Koizumi, , and Y. Fujiwara "Direct observation of 
trapping of photo-excited carriers in Er,O-codoped  GaAs", Physica B vol.376-377,  pp.556-
559 (2006 ) 
 [29] Y. Fujiwara, Y.Terai, and A. Nishikawa "Development of new-type 1.5um light-emitting 
devices based on Er,O-codoped  GaAs", Journal of physics; Conference Series  
vol.165,  pp.012025 (2009 ) 
[30] M. Yoshida, K. Hiraka, H. Ohta, Y. Fujiwara, A. Koizumi and Y. Takeda "Electron spin 
resonance study of Zn-codoping effect on the local structure of the Er-related centers in 
GaAs:Er,O  ",  J.Appl. Phys., Vol. 97,  pp. 023909 (2005 ) 
[31] "Semi conductor Devices, Physics and Technology", ed. by S.M. SZE, M.K. LEE, 
[32] Y. Fujiwara, and A. Koizumi, Private communication (2010). 
[33] R.F.K.Herzog and F.P. Viehbock,  "Ion source for mass spectrograph", Phys. Rev. 76 (6)855-
856(1949) 
[34] "Secondary ion mass spectrometry: Principles and Application", ed. by Vickerman and J.C. 
Brown, (Clarendon press, Oxford (1989)) 
[35] "The hall effect and its applications ", ed. by C. L. Cheien and C.R. Westgate, (Plenum, 
New York, 1980). 
[36] “Electron Spin Resonance, A comprehensive treatise on Experimental Techniques”, ed. 
by C. P. Poole (Dover, New York, 1983) 
[37] EMX USER’S MANUAL (Manual Version 1.0), ed. by Dr. Ralph and T. Weber (Bruker 
Instruments, Inc. 1995) 
[38] "Introduction to Solid State Physics", ed. by C. Kittel-7th ed.  
[39] Herbert S. Bennett ‘High dopant and carrier concentration effects in gallium arsenide; 
band structure and effective intrinsic carrier concentration” J. Appl. Phys. vol. 60 (8) , pp. 
2866-2874 , (1986) 
[40] "Magnetism in Condensed Matter", ed. by S. Blundell (Oxford, New York, 2001) 
[41] J. T. Haraldsen, T. Barnes, and J. L Musfeldt, "Neutron scattering and magnetic 
observables for S=1/2 spin clusters and molecular magnets", Phys. Rev. B, vol.71, pp. 
064403 (2005) 
[42]J. H. VanVelck, "The dipolar broadening of magnetic resonance lines in crystals", Phys. 
Rev. vol. 74 (9),  pp.1168 (1948) 
[43] “Electron paramagnetic Resonance of transition ions”, ed. by A. Abragam, B. Bleaney, 
(Dover, New York, 1983) 
 80 
[44] C.Kittel, E.Abrahams, "Dipolar broadening of magnetic resonance lines in magnetically 
diluted crystals", Phys. Rev. vol. 90 (2), pp.238 (1953) 
[45] H. J.  Lozykowski, "Kinetics of luminescence of isoelectronic rare-earth ions III-V 
semiconductor", Phys. Rev. B, vol. 84 (24), pp. 17758 (1993) 
[46] A.Taguchi, K.Takahei, "Trap level characteristics of rare-earth luminescence centers in 
III-V semiconductors ", J. Appl. Phys. vol.79 (8), pp.4330 (1996 ) 
[47] F. Priolo, S. Coffa, A. Polman, S.Libertion, R. Barkie and A. Carnera, "The erbium- 
impurity interaction and its effects on the 1.54µm luminescence of Er3+ in crystalline 
Silicon", J. Appl. Phys. vol. 78 , pp. 3874 (1995) 
[48] F. Priolo, G. Franzo, S. Coffa, and A. Carnera, "Excitation and nonradiative deexcitation 
processes of Er3+ in crystalline Si", Phy.Rev. B, vol.57 (8) , pp. 4443 (1998) 
[49] "Bonds and Bands in semiconductors", ed. by. J.C. Phillips, (Academic,New York, 1973) 
[50] J.Kirton, "Paramagnetic Resonance of trivalent Holmium ions in Calcium 
Tungstate”,  Phy. Rev., vol. 139 (6),  pp.A 1930-A 1933 (1965) 
[51] T.Ishiyama, K.Murakami, K. Takahei and A. Taguchi,  "4f-shell configuration of Yb in 
InP studied by electron spin resonance", J. Appl. Phys, vol. 82(9),  pp. 4457 (1997) 
[52] A.taguchi, K.Takahei, , and Y.Horikoshi,  "multiphonon-assisted energy transfer 
between Yb 4f shell  and InP host ", J. Appl. Phys,  vol. 76 (11),  pp. 7288 (1994) 
[53] I. Tsimperidis, T. Gregorkiewicz, and B. Lambert, "Role of electron traps in the 
excitation and de-excitation mechanism of  Yb3+ in InP ", J. Appl. Phys,  vol. 77(4),  pp. 1523 
(1995) 
[54] M. Fujisawa, A. Asakura, F. Elmasry, S.Okubo, and H. Ohta, "Electron spin resonance 
study of photoluminescent material GaAs;Er,O- Er concentration", J. Appl. Phys.  vol. 
109,  pp.053910 (2011 ) 
[55] M.Oohigashi, K.Motizuki, "Electronic stste and g-factor of Er3+ ion doped in InP", 
Physica E 403-404 (2001) 
[56] "Quantum theory of magnetism", ed.by. R.M.White (York:springer-verlag, 1983) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 81 
 
List of Publications 
 1-F. Elmasry, S. Okubo, H. Ohta, and Y. Fujiwara, “Electron spin resonance study of Er-
concentration effect in GaAs;Er,O containing charge carriers”, Journal of Applied Physics 
115, (2014), 193904. 
 
2-H.Katsuno, H. Ohta, O. Portugall, N. Ubrig, M. Fujisawa, F. Elmasry, S. Okubo and Y. 
Fujiwara, “Energy structure of Er-2O center in GaAs:Er,O studied by high magnetic field 
photoluminescence measurement”, Journal of Luminescence 131 (2011) 2294-2298 
 
 3-M. Fujisawa, A. Asakura, F. Elmasry, S. Okubo, H. Ohta and Y. Fujiwara, “ Electron spin 
resonance study of photoluminescent material GaAs;Er,O- Er concentration effect”, Journal  
of Applied Physics 109, (2011), 053910. 
   
 
4-H. Ohta, M. Fujisawa, F. Elmasry, S. Okubo, Y.Fukuoka et al., “Ferromagnetic state of 
GdN thin film studied by ferromagnetic resonance”, Physics of semiconductors, AIP Conf. 
Proc. 1399 (2011) 679-680. 
 
5-M. Fujisawa, A. Asakura, F. Elmasry, S. Okuba, H. Ohta and Y. Fujiwara, “Magnetic 
properties of magnetic semiconductor GaAs;Er,O studied by ESR”, International Conference 
on Magnetism, J. Phys.: Conf. Ser. 200 (2010) 062005 
 
6-H. Ohta, O. Portugall, N. Ubrig, M. Fujisawa, H. Katsuno, E. Fatma, S. Okubo and 
Y. Fujiwara. “Photoluminescence Measurement of Er,O-Codoped GaAs Under a Pulsed 
Magnetic Field up to 60 T”, J. Low Temp. Phys. 159 (2010) 203-207. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 82 
Appendix A 
 
- Crystalline electric field and energy level splitting of J-state of Er3+ 
   I will mention the various energy levels of Er3+ ion has an electronic configuration 4f11. We 
will first considered the free atom electronic energy level to be behaving as completely free 
ion, after that Er3+ ion in certain crystal field [55]. 
 
   The Er3+(4f11) free ion can be characterized by an orbital angular momentum L=6 and spin 
angular momentum quantum number S=3/2. Concerning the spin-orbit interactions (LS 
coupling). This interaction is much strong in rare-earth ions than in transition ions, and is 
responsible for the hyperfine structure of the energy levels. Four levels characterized by total 
angular momentum J ranging from J=L-S=9/2 to J=L+S=15/2 will be formed. Each state is 
characterized by the symbol (2s+1LJ), whereby For the L= 0,1,2,3… etc it is conventional to use 
the letters S,P,D,F…etc, following Hund’s rule. The ground state of Er3+(4f11) is 4I15/2 and the 
4I13/2 is the first excited state.  
 
In the presence of magnetic field, each of these four levels has a degeneracy of 2J+1. For 
example, the ground state 4I15/2 has 16 sublevels with mJ ranges from +15/2 to -15/2. 
 
   When Er3+ ion is incorporated as an impurity in GaAs crystal.  The Er3+ion is affected by the 
crystalline electric field arising from the neighboring ions (As,O,Ga). The ground state 4I15/2 
with 16-fold degeneracy is further split by the crystalline electric field. This splitting depends 
on symmetry and strength of the crystal field. Here we assume that the crystalline electric field 
acting on one 4f electron of Er3+ ion has the cubic symmetry and is written in the following 
form: 
        (A-1) 
 Now I will re- write  using  x,y,z coordinates. Let’s start by the first term  
                                (A-2) 
 
 
Using the spherical harmonics equations (11) and (15), in the following equation list (see Fig. 
A-1). Then this term is equal  
              (A-3) 
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FIG. A-1  List of spherical  harmonics equations. 
 
 
 
 
Since  then eq.(A-3) can be written as 
                       
(A-4) 
Spherical harmonics are expressed in terms of Cartesian coordinate 
                                          (A-5) 
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Substitute by (A-5) in (A-4) we get 
 
     (A-6) 
By simplifications 
                   (A-7) 
                                             (A-8) 
 
Where  
 
Then the second term  can be calculated in similar 
way using spherical harmonic equations (22) and (26) (in equation list Fig. A-1). 
   
 Finally, In   x,y,z coordinates,  given by eq. (A-1) is rewritten as following  
               (A-9) 
 
Where  and  are proportional to  and  as  
                   (A-10) 
 
   Since the free Er3+ ion has eleven 4f electrons or three holes. The interaction Hamiltonian 
between three f-holes and the crystalline electric field is expressed as  
       (A-11) 
By applying the operator equivalents method 
     (A-12) 
                                                      (A-13) 
                               (A-14) 
                           (A-15) 
                            (A-16) 
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                                (A-17) 
                                             (A-18) 
   can be rewritten in the form expressed by the total angular momentum operator J, 
and  becomes 
          (A-19) 
Where 
 
 
 
 
 
 
 
 
The energy of the 16-fold degenerate J-state of Er3+ ion is split by . After numerical 
calculation we have obtained two doublets and three quartet states. The ground state is doublet 
and their wave functions are given by 
 
  
€ 
ψ6(±) = a1 ±
15
2 + a2 ±
7
2 + a3 
1
2 + a4 
9
2               (A-20) 
 
The wave functions of the excited three kinds of quartet,  and  
 , And the excited doublet, , are given by the following forms: 
  
€ 
ψ8,a
(i) ±( ) = a1i ±
15
2 + a2
i ±
7
2 + a3
i 
1
2 + a4
i 
9
2  
                 
  
€ 
ψ8,b
(i) ±( ) = b1i ±
13
2 + b2
i ±
5
2 + b3
i 
3
2 + b4
i 
11
2          (A-21) 
  
€ 
ψ7 ±( ) = b1 ±
13
2 + b2 ±
5
2 + b3 
3
2 + b4 
11
2  
 
 
    Applying the external magnetic field along the cubic axis, the Zeeman interaction is 
expressed as following 
 
        (A-22) 
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where,  is Bohr magneton, is s Lande g-value . 
For Er3  g-value  =1.2 ( L=6,S=3/2, and J=15/2). The matrix element of Jz between and 
 are obtained as 
  
€ 
ψ6 ±( ) Jz ψ6 ±( ) = ±
5
2 a1
2 ±
7
2 a2
2 
1
2 a3
2 
9
2 a4
2 = ±2.497          (A-23) 
 
Since the g- factor of ESR is defined such that the Zeeman splitting 
( ) equals , g is estimated to be 5.9928. 
 
   In a crystal field of lower than cubic symmetry, the crystal field acting on 4f electron of Er3+ 
ion is described by the following Hamiltonian. 
 
    (A-24) 
 
The energy of the 16-fold degenerate J-state of 4I15/2 is split by  into 8 Kramers’doublets. 
The first exited state 4I13/2 into 7 Kramers’doublets.  
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Appendix B 
 
-Photoluminescence measurement 
   Photoluminescence is the process of exciting an ion with electromagnetic energy (photon), 
and thereby obtaining luminescence.  It is a powerful technique to probe discrete energy 
levels and to extract valuable information about a sample. Figure B-1 shows drawing of the 
PL experimental set-up. 
 
FIG-B-1 Drawing of PL experimental set-up 
 
   As shown in Fig.B-1 the sample was exited with Argon (Ar3+) laser operating at 515 nm. 
Light from the source is projected on the sample. The sample sits inside cryostat, to facilitate 
measurement taken at low temperature. The luminescence from the sample is converged onto 
a monochromatic through a lens, in order to select the emission bands of interest. The 
monochromatic light is then converted into an electrical signal by a photo-detector. Finally, 
the digital information is interpreted by the computer, which can display a PL spectrum. The 
PL spectrum indicates the intensity of emission spectra as a function of wavelength. 
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Appendix C 
 
- The dimer magnetic susceptibility 
   Here we will illustrate dimer magnetic susceptibility of a single pair of spin S=1/2 
interacting, Then cover it with S=15/2. 
Hamiltonian of S= ½ Heisenberg spin dimmer model in the magnetic field (H= (0,0,Hz)) can 
be written as eq. (C-1)  
        (C-1) 
Where, J is the superexchange constant, and S1 is the quantum spin operator for a spin-1/2 
ion at site 1.The eigenvalue and the corresponding eigenvectors of this Hamiltonian are given 
below. 
                                               
                                         ,   
  ,                         (C-2) 
                                       ,   
 
Where h= , 
partition function of spin dimer model z can be written as eq. (C-3) 
 
   (C-3) 
 
Where β = 1/κBT, probability factor is negligible for partition function. 
, Then eq. C-3 can be written as; 
 
              (C-4) 
 
For total number of spin dimer N/2, Z= zN/2 
Helmholtz free energy F is defined as eq. C-5 
 
     (C-5) 
 
Magnetization M is defined as eq.(C- 6) [56], 
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      (C-6) 
 
Substituted by eq. (C-6) in eq. (C-7)  we get  
 
                               (C-8) 
 
     (C-9) 
 
   The magnetic susceptibility for the dimer  can be defined as the field derivation of 
magnetization in the applied field direction (which here is z) in the limit H tends to zero.  
 
   (C-10) 
 
Substituted by eq. (C-9) in eq. (C-10) we get  
 
 
  
€ 

∂(sinh(βh) /z
∂h =
z ∂ sinh(βh)
∂h − sinh(βh)
∂z
∂h
z2 =
β(zcosh(βh) − 2sinh2(βh)e−βJ
z2
 z(h = 0) =1+ 3e−βJ
 
 
 
     (C-11) 
 
   
   Which is known as the Bleaney-Bowers equation [2]. Where, J is the superexchange 
parameter in the dimer. g is the electron g-factor. µB is the   Bohr-magneton. Analysis of spin 
dimer magnetic susceptibility of spin S=1/2 was undertaken using program designed by Hiji-
san. The Plot of susceptibility of the spin dimer  S=1/2 is shown in Fig C-1.  
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FIG. C-1. The magnetic susceptibility of a spin dimer S=1/2. 
 
   Now, I will consider the analysis of the spin dimer magnetic susceptibility for spin S=15/2.   
The susceptibility was undertaken using the same program as designed by Hiji-san. The plot 
is shown in Fig.C-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. C-2. The magnetic susceptibility of a spin dimer S=15/2. 
 
   
   The integrated intensity of the ESR spectrum is determined by the susceptibility of the 
spins participate in the resonance (consider allowed transition). In the integrated intensity 
temperature dependence results (see Figs. 5-5 and 6-5), the decrease of integrated intensity in 
the low temperature range can be interpreted by the spin-dimer model of S=15/2 (see Fig. C-
 91 
2). However, the integrated intensity with increasing temperature passes through a maximum 
and then decreases. This behavior cannot be interpreted in terms of the above model, and will 
remain as a future issue.  
 
   As it is difficult to interpret all temperature ranges, the susceptibility normalized by S(S+1)  
is drawn (see Fig. C-3). It shows that the higher temperature range is scaled by S(S+1)..  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. C-3.  The magnetic susceptibility normalized by S(S+1) 
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